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PREFACE. 



About ten years ago I gave a course of lectures on Trigonometric Series, 
following, closely the treatment of that subject in Riemanu's "Partielle 
Differentialgleichungen," to accompany a short course on The Potential 
Function, given by Professor B. 0. Peirce. 

My course isas been gradually modified and extended until it has become an 
introduction to Spherical Harmonics and Bessel's and Lamp's Functions. 

Two years ago my lecture notes were lithographed by my class for their 
own use and were found so convenient that I have prepared them for 
publication, hoping that they may prove useful to others as well as to my 
own students. Meanwhile, Professor Peirce has published his lectures on 
''The Newtonian Potential Function" (Boston, Ginn & Co.), and the two 
sets of lectures form a course (Math. 10) given regularly at Harvard, and 
intended as a partial introduction to modern Mathematical Physics. 

Students taking this course are supposed to be familiar with so much of the 
infinitesimal calculus as is contained in my " Differential Calculus " (Boston, 
Ginn & Co.) and my "Integral Calculus" (second edition, same publishers), 
to which I refer in the present book as "Dif. Cal." and "Int. Cal." Here, 
as in the " Calculus," I speak of a " derivative " rather than a " differential 

coefficient," and use the notation D^ instead of r- for " partial derivative with 

respect to ar." 

The course was at first, as I have said, an exposition of Riemann's " Partielle 

Differentialgleichungen." In extending it, I drew largely from Ferrer's 

" Spherical Harmonics " and Heine's " Kugelfunctionen," and was somewhat 

indebted to Todhunter ("Functions of Laplace, Bessel, and Lame"), Lord 

Rayleigh ("Theory of Sound"), and Forsyth (" Differential Equations "). 

In preparing the notes for publication, I have been greatly aided by the 

•iticisms and suggestions of my colleagues, Professor B. 0. Peirce and Dr. 

vlaxime Bocher, and the latter has kindly contributed the brief historical 

ketch contained in Chapter IX. 

W. E. BYERLY. 

Cambridge, Mass., Sept. 1893. 
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CHAPTER I. 



INTRODUCTION. 



1. In many important problems in mathematical physics we are obliged 
to deal with partial differential eqttations of a comparatively simple form. 

Por example, in the Analytical Theory of Heat we have for the change of 
temperature of any solid due to the flow of heat within the solid, the equation 

D,u =.a\D^u + D^u + !>»,* [i] 

where u represents the temperature at any point of the solid and t the time. 

In the simplest case, that of a slab of infinite extent with parallel plane 

faces, where the temperature can be regarded as a function of one coordinate, 

l^i] reduces to 

B^u = a^D^u, [ii] 

a form of considerable importance in the consideration of the problem of the 
cooling of the earth^s crust. 

In the problem of the permanent state of temperatures in a thin rectangular 
plate, the equation [i] becomes 

i)> + i)> = 0. [Ill] 

In polar or spherical coordinates [i] is less simple, it is 

In the case where the solid in question is a sphere and the temperature 

at any point depends merely on the distance of the point from the centre 

fiv] reduces to 7.. v 2^-/ \ r n 

*- -• Dt(ru) = a^jD*(ru) , [v] 

In cylindrical coordinates [i] becomes 

D,u = a^lD^'u + -D,u+-^Dlu+D!u] . [vi] 

In considering the flow of heat in a cylinder when the temperature at 

any point depends merely on the distance r of the point from the axis 

fvi] becomes ^ „ _„ . 1' . 

^ -■ D,u = a\D^u + ±D,u). [vii] 

♦ For the sake of brevity we shall often use the symbol V^ for the operation Dx^ +Dy^ +I>«^; 
and with this notation equation [i] would be written J^u ^ a^ V^ u. 
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In Acoustics in several problems we have the equation 

for instance, in considering the transverse or the longitudinal vibrations of a 
stretched elastic string, or the transmission of plane sound waves through 
the air. 

If in considering the transverse vibrations of a stretched string we take 
account of the resistance of the air [viii] is replaced by 

Dfy + 2kD,y = a^D^y, [ix] 

In dealing with the vibrations of a stretched elastic membrane, we have the 
equation 

or in cylindrical coordinates 



[X] 



r ' ' r 
In the theory of Potential we constantly meet Laplace's Equation 

or V2r=o 

which in spherical coordinates h^Q>omQ^ 



[II] 



[xn] 



], [r A*(r F) + 4^ A(sin<?AF) + ^ D,'f] = 0, [xiii] 



and in cylindrical coordinates 
In curvilinear coordinates it is 



[xiv] 



where /i (x^y^z) = pi , /a (x^y^z) = pa , /a (x,y,^) = pa 

represent a set of surfaces which cut one another at right angles, no matter 
what values are given to pi, P29 and ps', and where 

V = (D.piY + (i>ypir + (i>,piy 
V = (Dspd' + (^yp^y + {D,p,y 

and, of course, must be expressed in terms of pi , p2 > and pg . 

If it happens that V^i = 0, V^pa = 0, and V^ps = 0, then Laplace's 
Equation [xv] assumes the very simple form 
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2. A dijferential equation's an equation containing derivatiTes or differen- 
tials with or without the primitive variables from which they are derived. 

The general solution of a differential equation is the equation expressing the 
most general relation between the primitive variables which is consistent with 
the given differential equation and which does not involve differentials or 
derivatives. A general solution will always contain arbitrary (i, e., undeter- 
mined) constants or arbitrary functions. 

A particular solution of a differential equation is a relation between the 
primitive variables which is consistent with the given differential equation, 
but which is less general than the general solution, although included in it. 

Theoretically, every particular solution can be obtained from the general 
solution by substituting in the general solution particular values for the arbi- 
trary constants or particular functions for the arbitrary fiinctions; but in 
practice it is often easy to obtain particular solutions directly from the differ- 
ential equation when it would be difficult or impossible to obtain the general 
solution. . 

3. If a problem requiring for its solution the solving of a differential equa- 
tion is determinate, there must always be given in addition to the differential 
equation enough outside conditions for the determination of all the arbitrary 
constants or arbitrary functions that enter into the general solution of the 
equation; and in dealing with such a problem, if the differential equation can 
be readily solved the natural method of procedure is to obtain its general 
solution, and then to determine the, jponstants or functions by the aid of the 
given conditions. 

It often happens, however, that the general solution of the differential equa- 
tion in question caimot be obtained, and then, since the problem if determinate 
wiU be solved if by any means a solution of the equation can be found which 
will also satisfy the given outside conditions, it is worth while to try to get 
particular solutions and so to combine them as to form a result which shall 
satisfy the given conditions without ceasing to satisfy the differential equation. 

4. A differential equation is linear when it would be of the first degree if 
the dependent variable and all its derivatives were regarded as algebraic 
unknown quantities. If it is linear and contains no term which does not 
involve the dependent variable or one of its derivatives, it is said to be linear 
and hmnogeneous. 

All the differential equations collected in Art. 1 are linear and homogeneous. 

5. If a value of the dependent variable has been found which satisfies a 
given homogeneous, linear, differential equation, the product formed by multiply- 
ing this value by any consiffM will also be a value of the dependent variable 
which wUl satisfy the equMion. 
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For if all the terms of the gi^en eqiistioa are traoApoeed to the &B»t lOiem- 

ber, the substitution of the first-named value must reduce that member ta 
zero; substituting the second value is equivalent to multiplying each term of 
the result of the first substitution by the same constant fatetor, which there- 
fore may be taken out as a factor of the whole first member. The remaining 
factor being zero, the product is zero and the equation is satisfied. 

If several values of the dependent varioMehave been found edch of which 
satisfies the given differential eqnoMon, their sum vnU satisfy the equdtian ; for 
if the sum of the values in question is substituted in the equation each term 
of the sum will give rise to a set of terms which must be equal to zero, and 
therefore the sum of these sets must be zero. 

6. It is generally possible to get by some simple device particular solutions 
of such differential equations as those we have collected in Art. 1. The 
object of the branch of mathematics with which we are about to deal is to 
find methods of so combining these particular solutions as to satisfy any -given 
conditions which arip consistent with the nature of the problem in question. 

This often requires us to be able to develop any given function of the varia- 
bles which enter into the expression of these conditions in terms of normal 
forms suited to the problem with which we happen to be dealing, and sug- 
gested by the form of particular solution that we are able to obtain for the 
differential equation. 

These normal forms are frequently sines and cosines, but they are often 
much more complicated functions known as Legendre^s Coefficients, or Zonal 
Harmonics ; Laplace^ s Coefficients^ or Spherical Harmonics ; BesseVs Functions, 
or Cylindrical Harmonics ; Lame*s Functions, or Ellipsoidal Harmonics, &c. 

T. As an illustration, let us take Fourier's problem of the permanent state 
of temperatures in a thin rectangular plate of breadth tt and of infinite length 
whose faces are impervious to heat. We shall suppose that the two long 
edges of the plate are kept at the constant temperature zero, that one of the 
short edges, which we shall call the base of the plate, is kept at the tempera- 
ture unity, and that the temperatures of points in the plate decrease indefi- 
nitely as we recede from the base; we shall attempt to find the temperature 
at any point of the plate. 

Let us take the base as the axis of X and one end of the base as the origin. 
Then to solve the problem we are to find the temperature u of any point from 

[in] Art. 1 



the equation 


D^u + D^u — 


subject to the conditions 


u=.Q when x 




It — ^ " a? — TT 




tt = " y 00 




u — 1 " 2^ — 0. 
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We shall begin by getting a particular solution of [m], and we shall use 
a device which always succeeds when the equation is linear and homogeneous 
and has constant coefficients. 

Assume * u = e**'"*"^*, where a and fi are constants, substitute in [iii] and 
divide by e*»' + ^*, and we have a* + j8* = 0. If, then, this condition is satis- 
fied t* = e^y-^^^ is a solution. ^^- lX Pl *-n k 

Hence w = e**' * *"' t is a solution of [m], no matter what value may be 
given to a. 

This form is objectionable, since it involves an imaginary. We can, how- 
ever, readily improve it. 

Take t* = e^^ ^, a solution of [iii], and u = e^^ er^ another solution 
of [ill]; add these values of u and divide the sum by 2 and we >^have 
e*»' cos ax, (v. Int. Cal. Art. 35, [1].) Therefore by Art. 5 

u = e^^ cos ax (5) 

is a solution of [ni]. Take u = €i^^€i^ and u = €^ye~^ subtract the 
second value of u from the first and divide by 2i and we have e^^'sinoic 
(v. Int. Cal. Art. 35, [2]). Therefore by Art. 5 

u = e"*' sin ax (6) 

is a solution of [in]. 

Let us now see if out of these particular solutions we can build up a solu* 

tion which will satisfy the conditions (1), (2), (3), and (4). 

Consider t«=:e^8inaaj. (6) 

It is zero when a; = for all values of a. It is zero when x:='7r if a is a 
whole number. , It is zero when \i^ = oo if a is negative. If, then, we write 
u equal to a sum of terms of the form Ae~^ sin wwc, where w is a positive 
integer, we shall have a solution of [in] which satisfies conditions (1), (2) 
and (3). . Let this solution be 

u = AiC"^^ sin X + A2e^^ sin 2x + A^e~^ sin Sx -j- A^e~^ sin 4a5 + * * ' (7) 

Ai, A2, Ai, A4, &c., being undetermined constants. 
When y == {7) reduces to 

u = Ai sin x -{- A2 sin 2x -\- A^ sin ^x + A^ sin 4a; + • • • . (8) 

If now it is possible. to develop unity into a series of the form (8), our 
problem is solved; we have only to substitute the coefficients of that series for 
Ai, As, Aa, &c. in (7). 

* This assumption must be regarded as pfurely tentative. It must be tested by substi- 
tuting in the equation, and is justified if it le ads to a solution, 
t We shall regularly use the symbol i for %/ — 1. 
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INTRODUCTION. [Art. 8. 



It will be proved later that 

4/ . . 1 ; . 1 . . 1 

V 

for all values of x between and tt; hence our required solution is 
4r .l.._.l-.-.l 



1 = —/sin « + o sin 3a5 + ^ sin 5x -\r y ^^^ 7a? + • • • 1 



u 



4 r 1 1 1 n 

= - e-v sin aj + 3 «~^ sin 3x + g- e-^^. sin,5aj + =■ e-^^ sin 7x+ - : - (9) 



for this satisfies the differential equation and all the given conditions. 

If the given temperature of the base of the plate instead of being unity 
is a function of x, we can solve the problem as before if we can express the 
given function of x as a sum of terms of the form A sin m ar, where m is a 
whole number. 

The problem of finding the value of the potential function at any point of 

a long, thin, rectangular conducting sheet, of breadth w, through which an 

electric current is flowing, when the two long edges are kept at potential zero, 

and one short edge at potential unity, is mathematically identical with the 

problem we have just solved. 

Example. 

Taking the temperature of the base of the plate described above as 100** 
centigrade, and that of the sides of the plate as 0°, compute the temperatures 
of the points 

(«)(i.i); (*)(|'2); («)(|,3), 

correct to the nearest degree. Ans. (a) 25°; (h) 15°; (c) 6°. 

8. As another illustration, we shall take the problem of the transverse 
vibrations of a stretched string fastened at the ends, initially distorted into 
some given curve and then allowed to swing. 

Let the length of the string be L Take the position of equilibrium of the 
string as the axis of X, and one of the ends as the origin, and suppose the 
string initially distorted into a curve whose equation y =f(x) is given. 

We have then to find an expression for y which will be a solution of the 

equation 

V.'y = a^D.'y [viii] Art. 1, 

while satisfying the conditions 

y = when x = (1) 

y=f(x) " t = (3) 

D,y = « ^ = 0, (4) 

the last condition meaning merely that the string starts from rest. 
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As in the last problem let* y = «^-^^* and substitute in [viii]. Divide 
by e**+^* and we have ^= a^a^ as the condition that our assumed value of 
y shall satisfy the equation. ^ _ ^«x*«a« /^x 

is, then, a solution of (viii) whatever the value of a. 

It is more convenient to have a trigonometric than an, exponential form to 
deal with, and we can readily obtain gne^ by using an imaginary value for a in (5). 
Replace a by ai and (5) becomes y = ^(^ *««)«*, a solution of [viii]. Replace 
a by — ai and (5) becomes t/ = ^ ""(**"*>*'', another solution of [viii]. Add 
these values of y and divide by 2 and we have cos a(x ± at). Subtract the 
second value of y from the first and divide by 2i and we have sin a(x ± at). 

y =±: cos a(x + cit) 
y = cos a(x — at) 
y = sin a(x + at) 
y == sin a(x r— a^) 

are, then, solutions of [viii]. Writing y successively equal to half the sum 

of the first pair of values, half their difference, half the sum of the last 

pair of values, and half their difference, we get the very convenient particular 

solutions of [viii]. 

y = cos ax cos aat 

y = sin ax sin aat 

y = sin ax cos aat 

y = cos a^ sin aat . 
If we take the third form, 

y = sin ax cos aat 

it will satisfy conditions (1) and (4), no matter what value may be given to 

a, and it will satisfy (2) if a = -r— where m is an integer. <r\ ^' - ^ ^ 

If then we take 

. . irx Trat . . . 'iirx 2irat ... Zirx S^rat , ,^. 

y = Ai sm -T- cos -r — |- A2 sm — y— cos — f- ^g sin — r— cos — j 1 — • (6) 

where Ai, Ag, Ag • • • are undetermined constants, we shall have a solution of 
[viii] which satisfies (1), (2), and (4). When ^ = it reduces to 

. . Tree , . . 27rx . . , Sttx . ,_ 

y = Ai sm — + A2 sm h ^g sm -y- + • • • (7) 

If now it is possible to develop f(x) into a series of the form (7), we can 
solve our problem completely. We have only to take the coefficients of this 
series as values of Ai, Ag, A3 . . . in (6), and we shall have a solution of 
[viii] which satisfies all our given conditions. 

* See note on page 6. 
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In each of the preceding problems the normal fimetian, in terms of which a 
given function has to be expressed, is the sine of a simple mtdtiple of the 
variable. It would be easy to modify the problem so that the normal form 
should be a cosine. 

We shall now take a couple of problems which are much more complicated 
and where the normal function is an unfamiliar one. 

9. Let it be required to find the potential function due to a circular wire 
ring of small cross section and of given radius c, supposing the matter of the 
ring to attract according to the law of nature. 

We can readily find, by direct integration, the value of the potential function 
at any point of the axis of the ring. We get for it 



V^^ 



x^ 



where M is the ma^s of the ring, and x the distance of the point from the 
centre of the ring. 

Let us use spherical coSrdinates, taking the centre of the ring as origin and 
the axis of the ring as the polar axis. 

To obtain the value of the potential function at any point in space, we must 
satisfy the equation 

rD,\rV) + -^^DoiBmODeV) +51^^*'^= 0, [xiii] Art. 1, 

subject to the condition 

M 

^^(^rqr^t w^en ^ = 0. (1) 

From the symmetry of the ring, it is clear that the value of the potential 
function must be independent of <^, so that [xiii] will reduce to 

rD^\rV) + ^^De(smeD,V) =0. (2) 

We must now try to get particular solutions of (2), and as the coefficients 
are not constant, we are driven to a new device. 

Let * r= r "» P, where P is a function of ^only, and m is a positive integer, 
and substitute in (2), which becomes 



m(m + ly^'F + ^-^ De (sin ^ D^P) = . 



* See note on page 5 . 
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Divide by r^ and use the notation of ordinary derivatives since P depends 
upon only, and we have the equation 

1 '^(^^^w) 

m(m + l)P + ^g ^ ^ < =0, (3) 

from which to obtain P. 

Equation (3) can be simplified by changing the independent variable. Let 
X = cos $ and (3) becomes 

Assume * now that P can be expressed as a sum or as a series of terms 
involving whole powers of x multiplied by constant coefficients. 
Let P = S a„ a;** and substitute this value of P in (4). We get 

where the symbol S indicates that we are to form all the terms we can by 
taking successive whole numbers for n. 

As (5) must be true no matter what the value of x, the coefficient of any 
given power of x, as for instance a:*, must vanish. Hence 

(k + 2)(k + l)a,.^2 - k(k + r)at+m(m+l)€^ (6) 

and a^^2 — — (k+l)(k+2) ^*' C^^ 

If now any set of coefficients satisfying the relation (7) be taken, P = S a^a^ 
will be a solution of (4). 

If k = m, %+2 = ^? ^fc+4 = ^> ^^' 

Since it will answer our purpose if we pick out the simplest set of coefficients 
that will obey the condition (7), we can take a set including a^ . 
Let us rewrite (7) in the form 

(k + 2)ik + l) 
^*"" (m-k)(m + k + l)^^^^' W 

We get from (8), beginning with k = m — 2, 

m (ni — 1; 

__ m(m — 1) (m — 2) (m — 3) 
*"»-* ~ 2. 4. (2m — 1) (2r/t — 3) *« 

w (m — 1) (m — 2)(m — 3) (m — 4) (w — 5) 
a«_6= 2. 4. 6. (2m -- 1) (2w - 3) (2m — 5) '^«»' ®^- 

* See note on page 5. 
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If m is even we see that the set will end with a^ , if m is odd, with ai . 

^ r m(m — 1) ^ , m(m — l)(m — 2)(m — S) "1 

•^ — ^m |_aJ 2.(2m - 1) ^ ^ 2.4.(2m - 1) (2m - 3) /^ J 

where a^ is entirely arbitrary, is, then, a solution of (4). It is found con- 
venient to take a^ equal to • 

(2m — 1) (2m — 3) - - 1 ' 

ml 
and it can be shown that with this value of a^ P = 1 when x = 1. 

P is a function of x and contains no higher powers of x than' a;*". It is 
usual to write it as P^ (x). 

We proceed to compute a few values of P^ (x) from the formula 

(2m— l)(2m — 3) •••! r m(m — 1) 

^"»^^^ mj L 2.(2m — 1)^ 

, 7n(m — 1) (m — 2)(m — 3) ~| 

^ 2. 4. (2m -1) (2m — 3) J* ^^^ 

We have: ' 

F^(x) =1 or Po(cos 0) = 1 

Pi(ic) = x « Pi (cos 6) = cos^ 

F^(x) = i (Sx^ — 1) " P2(cos ff) = i(3 co8^0 — 1) 

F^lx) = i (5a;8 — Sx) « P8(cos ^) = i (5 cos« ^ — 3 cos 6) 

F^(x) = i (35x* — 30a;2 + 3) or 

P4(cos 0) = i(35 cos*^ — 30 cos^^ + 3) 
F^(x) = i (6Sx^ — 70aj« + 15a;) or 

P5(cos^) = i(63 cos^^ - 70 cos»^ + 15 cos^) . 

We have obtained F = P^(x) as a particular solution of (4) and 
P = P^(cos^) as a particular solution of (3). F^(x) or P^(cos d) is a 
new function, known as a Legendre's Coefficient, or as a Sfurface Zonal Har^ 
monie, and occurs as a normal form in many important problems. 

V= r'»P^(cos 0) is a particular solution of (2) and r"»P^(cos $) is some- 
times called a xSbZw? Zonal Harmonic, 

We can now proceed to the solution of our original problem. 

V= AoT^Fo (cos ff) + A^rF^ (cos B) + A^r^F^ (cos ^) + ^a^ A (cos B) ^ (11) 

where Aq, Ai, A2, &c., are entirely arbitrary, is a solution of (2) (v. Art. 5). 
When ^ = (11) reduces to 

V=A, + A,r+A,r^+A,7^+' --, 

since, as we have said, P^ (x) = 1 when a? = 1, or P^ (cos ^) = 1 when ^ = 0. 
By our condition (1) ^ 

when^ = 0. (c^ + r^)* 



(10) 
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By the Binomial Theorem 

M ' Mr Ir^ 1,3 7^ 1.3.5 r» H 

(cV+ r»)* ~T L 2 c2"^2.4 c* 2.4.6 ?^ "" J 

provided r <Z c. Heuce 

f^=7LA(cos<?)-2-,P,(co8<))+i;|-,P,(cos«)-J-||^P,(co8<9) + ---J(12) 

is our required solution if /• < c ; for it is a solution of equation (2) and satis- 
fies condition (1).. 

Example. 

Taking the mass of the ring as one pound and the radius of the ring as one 
foot, compute to two decimal places the value of the potential function due to 
the ring at the points 

>) (r = .2,^ = 0); (d) (r = S,S = 0); (/)(r = .6, ^ = J); 

(b) (r = .2,^ = j); (e) (/=.6,^ = g); (Sf) (^• = -6.^=i); 

(c) (r = .2, ^ = ^^; ^^- («) -98; (h) .99; (c) 1.01; (d) .86; 
^ ^' (e) .90; (/) 1.00; {g) 1.10. 

The unit used is the potential due to a pound of mass concentrated at a point 
and attracting a second pound of mass concentrated at a point, the two points 
l)eing a foot apart. 

10. A slightly different problem calling for development in terms of Zonal 
Harmonics is the following: 

Required the permanent temperatures within a solid sphere of radius 1, 
one half of the surface being kept at the constant temperature zero, and the 
other half at the constant temperature unity. 

Let us take the diameter perpendicular to the plane separating the unequally 
heated surfaces as our axis and let us use spherical coordinates. As in the 
last problem, we must solve the equation /LCvJ^^l v y.^^ 

rD^ipi) + ^ A (sin B D^u) + ^^i^ = [xiii] Art. 1 

which as before reduces to 

rD,\ru) + ^^^ A(sin <?/),«) =0 * (1) 

from the consideration that the temperatures must be independent of <t>. 

# 

Our equation of condition is 

w = 1 from ^ = to ^ = o ^^^ w = from ^ = ^ to ^ = tt , (2) 
when r = 1. 
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As we have seen u = /•'"P„(cos ff) is a particular solution of (1), m being 
any positive whole number, and *• 

1^ = J[^jr°Po (cos ^) + ^1 rPi (cos ^)+ ^2 ^A (cos ^)+ A r^Ps (cos ^) H (3) 

where A^, A^, A^, A^ - . . are undetermined constants, is a solution of (1). 
When r = 1 (3) reduces to 

u = APo (cos e) + J[iPx(co8 ^) + A^P^ (cos ^) + ^8i'8<cos e)-\ (4) 

If then we can develop our function of d which enters into equation (2) in 
a series of the form (4), we have only to take the coefficients of that series 
as the values oi A^y A^y A^, &c., in (3) and we shall have our required solution. 

11. As a last example we shall take the problem of the vibration of a stretched 
circular membrane fastened at the circumference, that is, of an ordinary drum- 
head. We shall suppose the membrane initially distorted into any given form 
which has circular symmetry * about an aiis through the centre perpendicular 
to the plane of the boundary, and then allowed to vibrate. 

Here we have to solve 

D?z == c« (d^z + - 2>,« + ^ D}^ [XI] Art. 1 

subject to the conditions 

z^f(r) when ^ = (1) 

D,z = '' t = ^ (2) 

« = i( r = a. ' (3) 

From the symmetry of the supposed initial distortion z must be independ- 
ent of <^, therefore [x] reduces to 

D,^z = ,^(I)^z^\d^z) (4) 

and this is the equation for which we wish to find a particular solution. 

We shall employ a device not unlike that used in Art, 9. 

Assume t z=^ R,T where ^ is a function of r alone and T is a function of 
t alone. Substitute this value of z in (4) and we get 

The second member of (5) does not involve t, therefore its equal the first 
member must be independent of L The first member of (5) does not involve 

* A function of the coordinates of a point has drcuXar symmetry about an axis when its 
value is not affected by rotating the point through any angle about the axis. A surface has 
circular symmetry about an axis when it is a surface of revolution about the axis. 

t See note on page 5. 
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r, an^''eonsequently since it eoatftins aeith-er t nor r, it nmst be constant. Let 
it equal — fJL% where fi of course is an undetermined constant. 
Then (5) breaks up into the two differential equations 

^ + ;.W=0 (6) 



cPE IdB ^ ,^ ^ 



dr" 



r dr 



(J) 



(6) can be solved by familiar methods, and we get T = cos fict and T = sin fiet 
as simple particular solutions (v. Int. Cal. p. 319, § 21). 

To solve (7) is not so easy. We shall first simplify it by a change of inde- 



X 



pendent variable. Let r = - • (7) becomes 

^ IdE , ^_ 

dx^ ~^ X dx "^ 



(^ 



Assume, as in Art. 9, that E can be expressed in terms of whole powers of 
X. Let jK = S ttn^" ^^^ substitute in (8). We get 

S [n(n — l)a^x''-^ + ndnX""-^ + «n«^"] = , 

^n equation which must be true no mattertwhat the value of x. The coeffi- 
cient of any given power oi x, as ar*~^, mus^ then, vanish, and 



or 



k(k — l)^^. + ^^k ~h ^*-a ^^ ^ 
k^a^ 4" ^k-2 ^^ ^ 



whence we obtain 



au 



*— 2 



= — k^ai 



(9) 

as the only relation that need l)e satisfied by the coefficients in order that 
jK = S afcOj* shall be a solution of (8). 

If A; = 0, a^^2 = ^j ^*-4 = 0> &c. 

We can then begin with A; := as our lowest subscript. 



From (9) 
Then 



a 



tti. = — 



i--a 



fi^i 



2 



^2 *"* 02 



ac 



Hence 

where Uq may 
convergent. 







» a* = 



^6 = 



cc" a?* 



22.42 



tto 



23.416^ 



, &c. 



iC^ 




+ 



] 



2242.6^ 
>5i&j-«U;iJolution of (8), provided the series is 
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Take ao = l, and then E^=^Jo(x) where 

x^ x^ x^ x^ 

«^ (^) = I 22"*" 2^ 2^.4^.6^ "'" 2^.4^.6^.8* — • • • (10) 

is a solution of (8). 

c7o (a?) is easily shown to be convergent for all values real or imaginary of x, 
since the series made up of the moduli of the terms of Jo(x) (v. Int. Cal., 
Art. 30) 

1 + 22 '22^ "^ 22.42.6* •" * * '^ 



where r is the modulus of x, is convergent for all values of r. For the ratio 
of the(7i + 1st term of this series to the nth term is — - and approaches 

zero as its limit as n is indefinitely increased, no matter what the value of r. 
Therefore Jq (x) is absolutely convergent 

Jq (x) is a new and important form. It is called a BesseVs Iktnction of the 
zero th order, or a Cylindrical Harmonic, 

Equation (8) was obtained from (7) by the substitution of a; = fir, therefore 

R = Jo(/A/-) = 1 ^ + 2242 "" 22 42 62 "I 

f 

is a solution of (7), no matter what the value of /Lt, and « = c/q (A*^) cos /xc^ 
or « = t/o (/Lt7*) sin /ac^ is a solution of (4). 

« = Jo (/^^) cos /Ac^ satisfies condition (2) whatever the value of /a. In 
order that it should also satisfy condition (3) /a must be so taken that 

^o(/^«) = 0; (11) 

that is, fi must be a root of (11) regarded as an equation in fi. 

It can be shown that Jq (x) = has an infinite number of real positive 
roots, any one of which can be obtained to any required degree of approxima- 
tion without serious difficulty. Let Xi, x^, iCs, •, * • be these roots. Then if 

Xi X2 Xq 

a=^i' a=^^' a==^«' ^^•' 
z — Ai Jo (fiir}cos fiiCt + Az Jq (fif^r) cos fi2Ct + AsJq (fisr) cos fisCt-\ , (12) 

where Ai, A^^ A^^ &c., are any constants, is a solution of (4) which satisfies 
conditions (2) and (3). 

When t = (12) reduces to ' 

z = A^Jo{iiir) + A^JpQ^^r) + AJ^i^'f) ^ • (13) 

If then f(r) can be expressed as ^^JK^^ the 'foi*m Just given, the solution 
of our problem can be obtained by s^SrCtsBi^u^mg tl'tT^eiyStette of that series 
for Ai, A2, Aj^y &c., in (12). ' 
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perature of a long cylinder is convex 

ihen kept at the constant t* lie tem- 

any point in the cylinder at 

[,e— V.'. J-„(^,r) + Ae—''^'''M^,r) + A,e-«'-'>''Jo(^,r) + ■■■ 
m, &c., are the roots of Jt(f'<') ^ 0, and where 

radius of the cylinder. 
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X a function of x 
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o", and (2) breaks 




(3) 




(4) 


Qt. Cal. p. 319, 
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SHflM hy the reaeoOifig used In (a) and (b) each metabei of (2) must be a <!oq- 
stant, say a', we hare 

./ , -''®\ 

+ a*0 = O. (4) 



and 


1 "V"""^/ 


(3) can be 


xpanded into 




-S+-? 



-tf"fl = 0. (5) 

(0) can be solved (y. Int. Gal. p. 921, % 23), and has for Its complete solutlcitt 

B = Aj^ + Br', 

where m = — ^ + V" «' +"i and w = — ^ — ^a*+ J. . 

Hence n = — m — 1, and a' may be written m.{m + 1), m being wholly 
arbittary; and 

^ = Jr^ + ir-"-' . 

ii = r" , and R = -^^^ 

are, then, particulai solutions of 

With the new value of o' (4) iKccnnes 

1 ■'(•"* 5?) 
gj ^ ,i« ' +»(» + l)e = o. (7) 

which has been treated in Art. 9 for the case where *» is a positive integer, 
and the particular solution = P„ (cob 0) has been obtained. 
Hence T = /■"■-?„ (cos*) 

and r= ;2STT -P«(coBfl) , . 

m being a positive integer, are particular solutions of (1). 1%e first of these 
was obtain' ^cond is new and exceedingly important. 

14. Ihi a paiticntar solution of an ordinary linear 

differential have used in Articles 9 and 11, is of very 

extensive a leads to the general solution of the equation 
in question 
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As a very simple example, let us take the equation Art. 13 (a) (4), which 
we shall write 

£ + a'« = 0. (1) 

Assume that there is a solution which can be expressed in terms of powers 
of x\ that is, let « = Sa„x'*, where' the coefficients are to be determined. 
Substitute this value for z in (1) and we get 

S [n(n — l)a„a;«-2 + a^a^a;"] = . 

Since this equation must be true from its form^ without reference to the value 
of a:, that is, since it must be an identical equation, the coefficient of each 
power of X must equal zero, and we have 

(n + l)(n + 2)a„ + 2 + a'a^ = ; 

whence <*n = 'Zi " ^n+2 

is the only relation that need hold between the coefficients in order that 
;35 = S a^x^ should be a solution of (1). 

If7^ + 2 = or w + l = 0,a„ will be zero and a„_2) <^«-4 > &c., will be 
zero. In the first case the series will begin with a^, in the second with ai . 

If we begin with a© we have 

(I2 . — 2^ ^0 ' ** — jTI ^® ' ®6 ^^^ A! ^0 > oM}., . . . 

or 3; = tte cos 005 (3) 

is a particular solution of (1). . 
If we begin with a^ we have 

as — — 3 j «! , «6 — g-j «! , ^7 — -r t^.^^Vm . ^'^ • ' • 

■ • • • 

* - -3J- + -gi Tj- ^'' -'-r ""^' (4) 
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is a solnticui of (1) ; a^ can be taken at pleasure. Let ai=^ a, (4) becomes 

or « = sin ax 

which, then, is a particular solution "of (1). 

z == A sin ax -\- B cos a>x (6) 

is, then, a solution of (1), and since it contains two arbitrary constants it is 
the general solution. 

15. As another example we will take the equation 

d'tSi dz 

" SS"^ + ^^ ^ ~ ^(^ + ^)^ = ^ ' 0) 



X* 



which is in effect equation (6), Art. 13 (c), and let w be a positive integer. 



Assume « = S a^x^ and substitute in (1). We get i 



J 
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S \n(n + 1) — m{m + 1)] a„aj« = . < / 

This is an identical equation, therefore 

\n(n + 1) — wt(w + l)]an = O- 
Hence a„ = for all values of n except those which make 

n(n + 1) — m(m -f- 1) = , 
that is, for all values of n except n = m and n = — m — 1 . Then 

z = Ax"" + Bx-"^-^ (2) 

is the general solution of (1) and 

z=^x^ and « = -^+-1 

are particular solutions. If m is not a positive integer this method will not 
lead to a resTilt, and we are driven back to that employed in Art. 13 (c). 

16. Let us now take the equation 

which is in effect equation (4), Art. 9, and is known as Legendre^s Equation. 
(1) may be written 

(^ "" ^') £ - ^^ £ + ^(^ + 1)« = . (2) 




J 



so ijraitoi>trcafiOK. IAet* le. 

. Aastune z *=r J^^aj* attd snbstittite in (2). We get 

2 {n(n — l)a„ ic"-^ 4- [m{m + 1) — n{n + l)]a„a;«} = . 
Hence (n + l)(?^ + 2)an + 2+ [^(^ +1) "~ K^ +l)]«n== , 

^^ ^« ■"" m(m + 1) — 71(71 + 1) ^'' + 2 • C^) 

If a« = 0, then a„_2 = 0, aw_4 = 0, &c.; buta„ = if 7i = — 2 or 7t = — 1. 

For the first case we have the sequence of coefficients 

__ m(m + 1) 
d^ — "" ny <3^o 

m(m -^ 2)(w -f l)(m -f 3) 
©4 — ^1 ao 

m(m—2)(m — 4) (m + 1) (7n + 3)(m + 5) ^ 

«« = ' q] aQ , ac. 

Let us take ao, which is arbitrary, as 1. Then « == j?^ (x) where 

r m(7»>f 1) 7/t(m~2)(7n> + l)(m + 3) "i 

i>«»(^) = |_l 2! "^^ "^ 4! ^ J W 

is a solution of Legendre's Equation if jp^ (a;) Is a finite sum or a convergent 
series. 

For the second case we have the sequence of coefficients 



Oz — qfi 



3! 



«! 



(m — l)(7/i — 3)(7/i + 2)(7n. + 4) 
<ll*^^— gl a^ 

(m — 1) (tw, — 3) {m — 6){m-\- 2) (t?^ + 4) {m + 6) 

©7 ^ — Y] % r de- 
lict US take Oi , which is arbitrary, as 1. Then z = q^J^x) where 

, r (7/1 — l)(m + 2) „ , (7W, — 1)(77> — 3)(7W+2)(7W, + 4) . -T 

g^(^)=^[^- ^---yi ^■^ ^' + ^- -^ 5! ^ ^--J(g) 

is a solution of Legendre's Equation if ^^^ (ic) is a finite sum or a convergent 
series. 



-"> 
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If 7» ig a poBitive even wHole nxmb&v, p^i^) will terminate with tb# tenn 
containing af^, and is easily seen to be identical with 



»> 



(-1) 






^m(^> 



[v. Art. 9 (9)] 



For all other valuep of nt, p^ (*) is a series. 

The ratio of the (n + l)st term of ^^ (x) to the wth, when m is not a posi- 
tive even integer, is 



(2n — 1) (2n) 



xl 



Its limiting value, as « is increased, is x^, and the series is therefore con- 
vergent if — 1 < ic < 1. It is divergent for all other values of x. 

If m is a positive odd whole number q^ (x) will terminate with the term 
containing af*, and is easily seen to be identical with 



( ^^ T(m+1) ■^'«(^^* 

For all other values of m, q^i^) is a series, and can be shown to be con- 
vergent if — 1 < a; < 1, and divergent for all other values of x. 



^ = ^Pm(^) + ^^m(^) 



(6) 



is the general solution of Legendre's Equation if — 1 < a; < 1, no matter 
what the value of m. From Art. 13 (c) it follows that 



V= 'f^Pm (cos 0) 
V=r'^q^(GOse) 



(7) 



are particular solutions of 



rD^\rV) + gjj^ A(sin^ AF) = 0, 

no matter what the value of m, provided cos is neither one nor minus one. 

In the work we shall have to do with Laplace's and Legendre's Equations, 
it is generally possible to restrict m to being a positive integer, and hereafter 
we shall usually confine our attention to that case. 
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With this understanding let us return to (3), which may be rewritten 



(m — n) (m -\' n -{- 1) 
^ (n + l)(n + 2) 



^n + 2— /-« _L1\ /-« _L 9\ ^« • 



If a^^^ = 0, then a„ + ^ = 0, fl,j^5 = 0, &c.; 

but ^n + 2 = ^ i^ n=^ m, or n = — m — 1. 

If in (3) we begin with n = m — 2,we get the sequence of coefficients already 
obtained in Art. 9, and we have z = P^ (x), where 

_ (2m - i)(2m - 3) - ' 1 r^. H^-1) ^_. 



m(m~l)(m-~2)(m>-3) 
■^ 2.4. (2m — 1) (2m — 3) ^ 



m(ni - l)(m - 2)(m ~ 3)(m - 4)(m - 5) -| 

2.4.6.(2 m — 1)(? m — 3)(2 m — 5) ^ "* J ' W 

as a particular solution of Legendre's Equation. 
If, however, we begin with n = — m — 3, we have 

_ (m+l)(^ + 2) 
a«^-3— 2(2 m + 3) ^-~-^ 

_ (m + 1) (m + 2) (m + 3) (m + 4) 
^-"»-^"" 2.4.(2//i + 3)(2m + 5) ^-rm-i 

_ (m + 1) (m + 2) (m + 3) (m + 4) (m + 5) (m + 6) 
a-^-r— 2.4.6.(2m + 3)(2m + 5)(2m + 7) ^-m-i> «c. 

a-m-i may be taken at pleasure, and is usually taken as i q k - - - {9 — -l i\ "^ 
and z = ©w(ic) where 

m! r 1 (yy^ + l)(m + 2) 1 

^«i(«) — (2m + l)(2m — 1) • • • 1 Laf» + ^ + 2.(2m + 3)' aJ^"^* 

, (^ + l)(m + 2)(m+3)(m+4) 1 n 

■»■ 2,4.(2m + 3) (2m + 5) a;"» + « "• J W 

is a second particular solution of Legendre's Equation, provided the series is 
convergent^ Qfn(x) is called a Surface Zonal Harmonw of the second kind. 
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9 

It is easily seen to be convergent if « < — 1 or « > 1, and divergent if 
— 1< a; < 1. 

Hence if m is a positive integer, 

z=AP„(x) + BQ„(x) (10) 

is the general solution of Legendre's Equation if x < — 1 or « > 1. 
We have seen that for — 1 < a; < 1 

« T (m -^-V) 

P„(x)={-iy \J \-, ,i>m(») (11) 

2"[r(2+i)] 

if m is an even integer, and 

r (m + 1) 

^-[rf±^)] 

if m is an odd integer. 



m— 1 



P„(X) = (-!)« r- .;, + l.^» gm(») . (12) 



If now we define 'QmC"") *8 follows when — 1 < x < 1 

"•- • r (w + 1) 



<?„(«;) = (- 1) « p ^^; \-,» i>«('») (13) 

2".[r(2+i)] 

if m is an odd integer, and 



m 



r (m + 1) 

--[r(4i)J 



<?« (X) =(-ir ^' .m+ivn« ^"^ (*^ (^*^ 



if m is an even integer, then (10) will be the general solution of Legendre's 
Equation if m is a positive integer when — 1 < x < 1, as well as when a^ < -— 1 
or X > 1. 

17. Let us last consider the equation 



z 1 dz / m*\ 



d^z . 1 dz 
dx' 



which is known as Bessel's Equation, and which reduces to (8) Art. 11, 

that is, to 

d^z 1 dz 

dx^ "•" « fife ' 
when w = 0;* (1) can be simplified by a change of the dependent variable. 

* This equation wa» first studied by Fourier in considering the cooling of a cylinder. We 
ehaU designate it m ^^ Fourier^s Equation.'' 



\ \ 
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Jvet * 55? a5»^ qud we g^t 

to determine v. 

Assume t; = S «„«*, and substitute in (2). We get 

whence a„__8 = — n(2 w + »)«„. 

If we begin with w = 0, then a„_2 = 0, a„_4 = 0, &c., and we have the 
set of values 

^0 a© 



02= " — 



a4i= 



2(2w + 2) "" 2\m + 1) 

Oo <^c 



a«= — 



2.4(2m + 2)(2w + 4) "" 2*.2!(w + l)(w + 2) 
do do 



2.4.6(2m + 2)(2w + 4)(2m + 6) "^ 2«.3 !(7?^ + J-)(w + 2)(m + 3) ' 



whence ^ = ao«^- [l - 2\m + 1) + 2^2!(m A)(m + 2) 



.6 



+ • • J (3) 



2« 3!(w + l)(m + 2)(m + 3) 

is a solution of Bessel's Equation, a^ is usually taken as nm " ? if ^ is a pos- 
itive integer, or as Ofnp / — jTTv ^^ ^ ^^ unrestricted in value, and the second 

member of (3) is represented by J^ (x) and is called a BesseVs Function of th^ 
mth order, or a Cylindrical Harmonic of the wth order. 

If m = , Jm{^) becomes Jq{x) and is the value of z obtained in Art. 11 
as the solution of equation (8) of that article. 

If in equation (1) we substitute x~^v in place of x'^v for «, we get in place 
of (2) the equation 

d^v 1 — 2m do , 
dx^ ' X dx ^ 

and in place of (3) 



•— m 



CX^ X^ 

^ — 2^(1 — m) + 2*.2!(1— //T 



^ — ao« l^-L 2^(1 — m) ■•■ 2*. 2 !(1 ~ //0(2 - m) 



x^ 



2«.3!(1 — ?wr)(2— w)(3 



:^^+---] (*) 



\ 
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If tto is taken equal to r the second member of (4) is the same 

o H 2-"«r(l— w) ^ ' 

function of — m and x that «7^ (x) is of + m and a; and may be written 

Therefore * z^ AJ^{x) -\- BJ_^(^) (5) 

is the general solution of (1) unless J^(x) and J^^(x) shoTild prove not to be 

independent. 

It is easily seen that when w = 0, «/_^(a) and Jm(x) become identical 

and (5) reduces to 

z = (A + B)Jo(x) 

and contains but a single arbitrary constant and is not the general solution of 
Fourier's Equation (8) Art. (11). 

It can be shown that Jl^(ar) = (— l)^J^(x) whenever w is an integer, 
and consequently that the soluticm (5) is general only when m if real is fracr 
tional or incommensurable. 

The general solution for the important case where w = is, however, easily 
obtained. Let F(m,x) be the value which the second member of (3) assumes 
when ao = 1 ; then the value which the second member of (4) fussumes 
when ao = l will be F(— m,x), and it has been shown that z = F(m,x) and 
z = F{'-^ m,x) are solutions of BessePs Equation; z = F(m,x) — F(— m,x) 
18, then, a solution, as is also 

F(m,x)-F(—m,x) 

* = 2;^^^ ' . <*^ 

but the limiting value which — n — ^^ approaches as m approaches 

zero is [I>rnF(m,x)']m^o and consequently 

z = lI)^F(m,x)^^, (7) 

is a solution of the equation ^ 

(Pz ■ 1 dz 

and the general solution of (8) is 

« = AJo(x) + BlD^Fim, a-)]^, . 

t// tAj 




2\m + 1) "^ 2*.2!(m + l)(m + 2) 



x^ 



2«.3!(m + l)(m + 2)(w + 



3-)+-] 



. ;xa 
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2 ^A 



D^F(m, X) = a;" log a; [l - ^,^J_^ ^^ + 2i2!(m +"l)(m + 2) ] 



3 .^4 



+ aJ'^-^m 1^1 — 22(m + 1) + 2*.2!(m + l)(m + 2) "• J * 

The general term of the last parenthesis can be written 

^ ^ 2-'''.k\{m + l)(m + 2) • • • (m + Aj) ' 
and its partial derivative with respect to m is 

^ -^ 2*. k\ •^«» (m + l)(m + 2) :• • • (w + Aj) ' 

+ log (m + A;)] . 
Take the D^ of both members and we have 

1 

•^'» (m + 1) (m 4- 2) • • • (m + A:) 

1 r 1 . .j_ . 1 n 

"" (m + l)(m+2) ••• (m + A) Lm + 1 "^m + 2"^ w + A:J* 

■^"» L^ ~" 2\m + 1) + 2*.2!(m + l)(m + 2) "" 2«.3!(m + l)(m + 2)(w + 3) 

n _ a;^ 1 ^ a;* 1 F 1 1 "l 

"• J ~ 2^ (m + 1)'^ 2*.2! (m + l)(m + 2) L^^^^+1 "^ ^M^J 

^_^« L_____ r_i_ 4- _! j_i 

"*"2«.3! (m+l)(m + 2)(m + 3) Lm + 1 7w. + 2+m + 3j ""I 
and we have 



x^ 1 sc* /I 1\ a;^ /I 1 1\ 

[^»»^(^>^)]m=o = «^(^) log ^ + 2Vr!)^ 1 "~2W!y^ Vl~^2/ ~^2W!)^ vT "''2"'^3/ 

28(4!)2 VI "^ 2 ■•■ 3 "^ 4/ "^ * " ' 
and z = ^ Jo («) + BKq (x) , (9) 

aj/ X*' /I 1\ a;« /I 1 1\ 

where I^(x) = J^{x) log a^ + 22 — 2^|y2 Vi + 2/ + W^'^ U "^ 2 + 3/ 

a;« /111 1\ 
■" 2«(4!p U + 2 + 3 + 4/ "I ■' (-^^^ 



is the general solution of Fourier's Equation (8). 

Kq(x) is known as a BesseVs Function of the Second Kind, 



4 
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18. It is worth while to confirm the results of the last few articles by 
getting the general solutions of the equations in question by a different and 
familiar method. 

The general solution of any ordinary linear differential equation of the 
second order can be obtained when a particular solution of the equation has 
been found [v. Int. Cal. p. 321, '§ 24 (oi)]. 

The most general form of a homogeneous ordinary linear differential equa- 
tion of the second order is 

where F and Q are functions of x. Suppose that 

y = v (2) 

is a particular solution of (1). Substitute y = vz in (1) and we get 

d^z / dv \ dz 

dz . , 

Call ^ = z\ Then (3) becomes 

dz^ . / dv \ 

a differential equation of the first order in which the variables can be sepa- 
rated. Multiply by dx and divide by vz' and (4) reduces to 



dz' . dv 

-r + 2 — + Fdx = . 

5J' ' V ^ 



Integrate and we have 



log «' + log v^ + Cpdx = C 

or z'v^ = 6^- A''^' = Be-f^^ , 

dz e - A^^ 

dx v^ 



-/ 



and 



/» p — / rdx 

z = A+Byy dx; 

y = V (a + Bp^' dx) (5) 

is the general solution of (1), the only arbitrary constants in the second mem- 
ber of (6) being those explicitly written, namely, A and B. 

(a) Apply this formula to (1) Art. 14, 

d!^z 

^, + a^z = 0; (1) 
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given: a; cnc COB 4<r • as a partieular solutioa. Substituting in (6) we have 
since i*==0 



z = cos ax (a -{- B I — ) 

V J conraxf 



= cos ax IA-^ — tan ax\ 

= A cos OM -^r Bx sin ax , (2) 

as the general solution of (1), and this agrees perfectly with (5) Art. 14. 
(h) Take equation (1) Art. 16. 

. ^'^ + 2a.^-m(«^ + l> = 0; (1) 

given: z =^ x^f as a particular solution. 

2 /• ~/pdx 1 

Here P = -, I Pd^ = 2 log « = log a;^ , and e =-3. Hence by (5) 

that is « = ^" + z^^ (2) 

is the general solution of (1), and agrees with (2) Art. 15. 

(c) Take Legendre's Equation, (2) Art. 16. 

w^z dz 

(^-^')^-^^d^-^m(vi + ^>=^^; (1) 

given ; z = P^ (x) , as a particular solution. 

Here P == ^ _ ^^ , C Fdx = log (1 — a;'') , and e'A'^ = yzZ- 

Hence by (6) s = P„ (x) ^A + ^ f (l - x^lP„(x)2 '} ^^^ 

is the general solution of (1) and must agree with (11) Art. 16, if w is an 
integer, and therefore 

where C is as yet undetermined, and no constant term is to be understood with 
the integral in the second member. 

(d) Take Bessel's Equation, (1) Art. 17. 

d^z 1 dz / m\ 



x' 



given: z ^ J^(x) , as a particular solution. 
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Here P = - , j Pdx = log a; , and e^f^^ = ~ . Hence by (5) 

is the general solution of Bessel's Equation. 
li m = (2) becomes 

aiad muBt agree with (9) Art. 17. Therefore 

whefe (7 id at present undetermined, and no constant term is to be taken 
iritli the integral. 

The first considerable subject suggested by the problems which we have 
taken up in this introduotory ohdptef is that €^ development in Trigofnometric 
Series (v. Arts. 7 and 8). 



CHAPTER II. 

DEVELOPMENT IN TRIGONOMETRIC SERIES. 

19. We have seen in Chapter I. that it is sometimes important to be able 
to express a given function of a variable «, in terms of the sines or of the 
cosines of multiples of x. The problem in its general form was lirst solved 
'by Fourier in his "Analytic Theory of Heat" (1822), and its solution plays a 
very important part in most branches of modern Physics. Series involving 
only sines and cosines of whole multiples of x, that is' series of the form 

^0 + ^1 cos a; + ^2 cos 2a: + • • • -|- ai sin x -{- a^ sin 2aj + • • • 

are generally known as Fourier's series. 

Let us endeavor to develop a given function of x in terms of sin x, sin 2a;, 
sin 3x, &c., in such a way that the function and the series shall be equal for 
all values of x between aj = and « =*7r. 

To fix our ideas let us suppose that we have a curve^ 

given, and that we wish to form the equation, 

y =z ai sin a; + ^2 siii 2a; -|- a^ sin 3a; + • • • , 
of a curve which shall coincide with so much of the given curve as lies between 
the points corresponding to a; = and a; = tt. 
It is clear that in the equation 

y = «! sin a; ' (1) 

ai may be determined so that the curve represented shall pass through any 
given point. For if we substitute in (1) the coordinates of the point in ques- 
tion we shall have an equation of the first degree in which ai is the only 
unknown quantity and which will therefore give us one and only one value 
for «],. 

In like manner the curve 

y = ai sin x -\- a^ sin 2a; 
may be made to pass through any two arbitrarily chosen points whose abscissas 
lie between and tt provided that the abscissas are not equal; and 

2^ = ai sin x + «2 sin 2x + ^s sin 3a; + • • • + a„ sin nx 

may be made to pass through any n arbitrarily chosen points whose abscissas 
lie between and tt provided as before that their abscissas are all different. 

If, then, the given function f(x) is of such a character that for each value of x 
between a; = and a; = tt it has one and only one value, and if between 
a; = and a; = tt it is finite and continuous, or if discontinuous has only 
finite discontinuities (v. Int. Cal. Art. 83, p. 78), the coefficients in 

y = tti sin X -\- a^ sin 2a; +- a^ sin 3a; +-*•• + «„ sin nx (2) 



■"^ 
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<3aii fee determined so that the curve represented by (2) will pas* through any 
n arbitrarily chosen points of the Curve 

y=/(^) (3) 

whose abscissas lie between and tt and are all different, and these coefficients* 
will have but one set of values. 

For the sake of simplicity suppose that the n points are so chosen that their 
projections on the axis of Xare equidistant. 

TT 

Call —j^-:r = Ao? ; then the coordinates of the n points will be [Aa;,/(Aa;)], 

[2Aa;,/(2Ax)], [3Aa;,/(3Aa:)], • • • [7iAa;,/(»Aa;)]. Substitute them in (2) and 
we have 



— [- a„ sin wAa;^ 
— f- a„ sin 2nAx 
— |- a„ sin 3nAx 

m 

9 

• 

— [- a„ sin n^Ax, 



(4) 



a 



It* 



/(Aa;) = ai sin Ax + aj sin 2Aa; -f a^ sin 3Aa!; + 
f(2Ax) = ai sin 2Aic + aj sin 4Aic + <^8 sin 6 Ax + 

f{SAx) = at sin 3Aa; -|" ^ sin 6Ax + a^ sin 9 Ax -\- 

• • • • 

• • • . . * 

• • • • 

f(nAx) = ai sin nAx + aj sin 2nAa; -f" ^s sin 3nAx •{- 

n equations of the first degree to determine the/i coefficients a^y a^, ag, 

Not only can equations (4) be solved in theory, but they can be actually 

solved in any given case by a very simple and ingenious method due to 

Lagrange. 

Let us take as an example the simple problem to determine the coefficients 

^\9 ^7 ^89 ^49 ^^^ ^6y so that 

y=. ai sin x -\- a^ sin 2x +. a^ sin Zx -j- a^ sin 4x -f- »6 sin 6x (5) 

shall pass through the five points of the line 

TT 27r 37r 47r -, Stt tt 
which have the abscissas -^j -j^> -^; -^) ^^^ —n-> -^ here being Ace. 

We must now solve the equations 

27r , . 37r 

-^ + as sm -g- 



6 



TT 
6 



— = a^ sm ^ + ^2 sin -^^ — |- a^ sin -^ — |- a^ sin -^ — |- a^ sin -7: 



47r 
6" 



6" 



27r . 27r . 47r . 67r . Stt , IOtt 

— = «! sin -7. — h ^2 sm -^ — [- ag sin -tt- + ^4 sm -^ — [- ag sm 



6 



6 

37r . 37r , . Btt , . Qtt , . 127r . . IStt 

— = ai sm -^ 4" «2 sm -^ + as sm -^ + «^4 sin — ^ — [- ag sm -^— 

47r . 47r , . Stt , . 127r , . IGtt , . 20ir 

— = a^ sm -TT- + a2 sin -tt- + as sm — ^ — [- a^ sm — ^ — [- a^ sm — ^ 

5t . 57r , . IOtt , . Ibir , . 207r , . 257r 

— = a^ sm -^ -T 0,2 sm — ^ — |- a^ sm — ^ — ^- a4 sin — ^ — f- ag sm — ^ — 



(6) 



/ 
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Multiply tlie first equation by 2 sin ^ , tlie second by 2 sin ^ , the third 
Qmj> 4ir 5ir 

by 2 sin -^ , the fourth by 2 sin -^, the fifth by 2 sin -^ and add the 

equAticms. 

The coefficient of Oa is 



2'rr 



2ir 



Itt 



Stt . fi-w 



47r 



Stt 



2 sin -g sm -g- + 2 sin -g- sin -g- + 2 sin -g- sin -g- + 2 sm -^ sin -^ 



Stt 
+ 2 sm -g- sin 



IOtt 
6 ' 



but 



IT , 2ir TT Stt 

2 sm g sm -g- = cos ^ — cos -^ , &c* 



Hence the coefficient of a^ becomes 



TT 



2ir 



Sir 



47r 



Stt 



cos g + cos -g- + cos -TT- + cos -js — h cos -s- 



3ir 



— cos -A- •"* cos -3 cos -js- 



67r 



9^ 



cos 



12^ 
6 



IStt 



cos 



(J) 



and this may be reduced by the aid of an important Trigonometric formula 
which we proceed to establish. 



20. Lemma. 



$ 



cos $ + COS 2^ + COS 3^ + 



1 i sin(2^+l) ^ 

• + cos w^ = — 2 + 2 g ^^ 

sin - 

2 

For let i5= cos ^ + cos 2^ + cos 3^ + h cos «^ and multiply Ij 2 aoB &^ 

2/Sf cos = 2 cos* ^ + 2 cos ^ cos 2^ + 2 cos ^ cos 3^ H h ^ c09 ^ oos fi^ 

= 1 + cos $ + COS 2^ 4" • • • + cos (n '— 1)0 

+ COS 2^ + cos 3^ + cos 4^H 1- cos {n + 1)0 

= 2aS^ + 1 -(- cos (w + 1) ^ — cos ^ — cos nO . Hence 



or 



S = 



1 cos nO — cos (w + 1) ^ 



-2 + 



S = 



2(1 — cos $) 



1 1 sin (2n + l)g 



2 + 2 



sing 



<|.E.D. 



\ 
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21. Applying (1) Art. 20 to (7) Art. 19 the coefficient of Ot reduces to 

. llw . 337r 



sin TTT sin 



12 "^ 12 



2 sin Jo 2 sm ^-^ 

IItt tt 337r Sir 

but -j^- = -TT - 32 ' ^^^ T2~ = ^^ "" 12 ' 

sin(7r-~) sin(37r--|^ . 

therefore }^ ML ^^ ifZ = i _ i - a 

^ . TT o • ^^^ 2 2"""' 

2 sm j2 2 sm - 

and os vanishes. 

In like manner it may be shown that the coefficients of a^, a^, and a^ 
vanish. 

The coefficient of ai is 

2 sin* ^ + 2 sin* ^ + 2 sin* ^+2 sin»^ 
o o o 6 

= 1 + 1 + 1 + 1 + 1 
27r 4Tr 6Tr Stt IOtt 

-— cos -;, cos -; COS — COS — COS — :r- 

6 o o 6 6 

2 sm — 2 sm — 

D ' 6 

The first member of the final equation is 

2ir . TT , „ 27r . 27r , ^ 3ir . 37r , ^ 47r . 4'7r , ^ ftir . Stt __ 
— sm - + 2 -g- sm — + 2 -- sin — + 2 — sm — + 2 — sm — . Hence 

ifc=5 

«! = - 2) -g- sin -g- = ^ (2 + ^3) = 2 approximately. 

If we multiply the first equation of (6) Art. 19 by 2 sin — , the second by 

' 4*^" 67r Sir 

2 sin — , the third by 2 sin — , the fourth by 2 sin — ^ the fifth 

IOtt 
by 2 sin -^— , add and reduce as before we shall find 
o 

^1 = 5 

2 ^ Anr . 2k7r "^ /« a a 
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and in like manner we get 

2 ^^ kTT . Skir IT 



k=S 

2 ^^ kiT , 4:k7r ttJS 

= - 2if-^^^ —^ = ^ = — 0.^ 



«*=6 2;-6-^^-6-=--^=-^-3 



k=6 

2 ^rv kir . SAjtt tt 



«fi = 6 ^ "6" ^'"^ "6" ""6 (^ "~ ^^^ =" ^-^ • 

Therefore 

2/ = 2 sin X — 0.9 sin 2x + 0.5 sin 3ic — 0.3 sin ^x + 0.1 sin &x (1) 

cuts the curve y =^x at the five points whose abscissas are ^ > -^j -^ ? 
-g-,aiid--. 

22. The equations (4) Art. 19 can be solved by exactly the same device. 
To find any coefficient a^ multiply the first, equation by 2 sin m^, the 
second by 2 sin 2m,^x , the third by 2 sin 3mAa;, &c. and add. 

The coefficient of any other a as % in the resulting equation will be 

2 sin k^x sin mAaj rf- 2 sin 2k/^ sin 2wAaj + 2 sin 3A;Aa; sin 3m^ + • • • 
+ 2 sin nk^x sin nm^ 

= cos(w — Aj)Acc+cos2(m— Aj)Aa;+cos3(?w.-— Aj)AifH [-cosw(w — ifc)Aaj 

— cos(m+Aj)Aa;— cos2(w + Aj)Aaj--cos3(m + A;)AiF cosw(w + ^)Air 

. 2/1 + 1 , j.^ . 271 + 1 ^ , _. 

sm — X — (m — Aj)Aaj sin — - — (m + k)^x 

2 sin ^^ ^ — 2 sm -^^ -^ — 

Hence the coefficient of a^ may be written 

sm I (m — A;)7r — ^^ ~^ — sm (m + Aj)7r — ^^ ^-^ — 

_ . (m — Ic)^ o • (^ + ^)^aj 
2 sm ^ -^ — 2 sin ^^ -^ — 

1 1 11 

but this is equal to o ~" 9 ^^ "" 2 "^ ^ according as m -— Aj is odd or even 

and so is zero in either case. 



i 
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Tfcft Inefficient of a^ will be 



But 



2 ^^mAa; + 2 sin^ 2mAx + 2 sin^ Sm^kx H f- 2 sin* nmAx 

•■*■ 

= 1 + 1 + 1 + ••• + 1 

— cos 2mAa; — qqs 4»i.Aa! — cos 6mAa; — • • • — cos 2nmAx 

I 1 sin (2/1 + l>nAa? , ... . , ^^ 

= ^ + o ^""^ :; "^ > by (1) Art. 20. 

2 - 2 sm mAa; . . ^ '^ 

(2w + l)wAic = 2m(7i + 1)A^ -" niAa? == 2m7r — mAa;^ 



therefore 



sin (2n + l)mAic sin (2mir — mAa;) 1 

" ' ^ ^^Z ^ nu ll S^Z ""^ — ■ 

2 sin mAx 2 sin mAo; 2 



and the coefficient of a^ is w + 1 . 
The first member of our final equation will be 

* ♦ • ■ 

... . I k*= n 



2 2)/(^Aa;) sin A;mAaj . 



*=! 



Hence 



*=n 



a^ = V f(kAx) sin km^kx , 

7h -y" X ^^ 



Jb=l 



and the curve 



(1) 



y z=z ai sin « + aj sin> 2^ + ' * * + «n sin twc , (2) 

where the coefficients arfe given by (1) will pass through the n points of the 

curve y =/(a;) whose abscissas are Ax, 2 Ax, 3Aa5, • • • wAa;. Aa; being — t-t* 

It should be noted that since the n equations (4) Art. 19 are all of the first 
degree there will exist only one set of values for the n quantities ai, ag? «8; 
' ' ' a„ that can satisfy these equations. Consequently the solution which we 
have obtained is the only solution possible. 

23. The result just obtained obviously holds good no matter how great a 
value of n may be taken. 

If now we suppose n indefinitely increased the two curves (2) Art. 22 and 
y = f(x) will come nearer and nearer to coinciding throughout the whole of 
their portions between x =^0 and aj == tt , and consequently the limiting 
form that equation (2) Art. 22 approaches as w is indefinitely increased will 
represent a curve absolutely coinciding between the values of x in question 
with y~f(x). 
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Let us see what limiting value a^ approaches as n is indefinitely iiicreased. 

2 *°" 
a^ = , 2) f{^^) sin A^wAa; (1) Art. 22. 

= >^ f(k^x) sin km^ 

= — /(Aaj) sin mAaj. Aa^ +/(2Aa;) sin 2wAic. Aaj-j [-/(^Aa;) sin nm^x.^ 

_ 2 r/(A«) sin m Ax. Aa? + f(2Cix) sin 2m Av. Ax H nj 

ttL +/(^—^^)sinm(7r— Aa!r).Aa?J 

since Ax = — r^ . 
/i + 1 

As w is increased indefinitely Ax approaches zero as a limit. Hence the 

limiting value of a^ as n increases indefinitely is 

2 limit r/(Ax)sinwAx.Ax+/(2Ax)8in2mAx.AxH 7]^ 

TT Ax = L +/('w — Ax) sin m(ir — Ax). Ax J 

2 r 

= - I f{x) sin mx.dx. [v. Int. CaL Arts. 80, 81.] 



Hence /(x) = a^ sin x + ag sin 2x + cr., sin 3x + • • • , (2) 

where any coefficient a^ is given by the formula 

2 r 
a^ = - I /(x) sin mx.c^ , (3) 



is a true development of /(x) for all values of x between x = and x = tt 
provided thcU the series (2) is convergenty for it is in that case only that we can 
assume that the limiting value of the second member of (i) Art. 22 can be ob- 
tained by adding the limiting values of the several terms. 

When X = and when x = tt every term in the second member of (2) 
is zero, and the second member is zero and will not be equal to f(x) unless /(x) 
is itself zero when x = and x = tt ; but even when /(x) is not zero for 
X = and x = tt the development given above holds good for any value 
of X between zero and tt no matter how near it may be taken to either of these 
values. 

24. Instead of actually performing the elimination in equations (4) Art. 
19 and getting a formula for a^ in terms of n, and then letting n increase 
indefinitely, we might have saved labor by the following method. 

* We shall use the sign = for approaches. Ax = is read A« approaches zero. 



\. 
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Return to equations (4) Art. 19 and multiply the first by Aa sin mAXy 
the second by Ao; sin 2m^x, and so on, that is multiply each equation by Ax 
times the coefficient of a^ in that equation, and then add the equations. 

We get as the coefficient of %, 

sin k\x sin m^x, Ax + sin 2klx sin 2m^, Ax-\ f- sin tik^x sin nmAx, Aaj . 

Let us find its limiting value as fi is indefinitely increased. It may be 
written, since (w + 1) Aa = tt , 

limit Fsin kAx sin mAx. Ax + sin 2k Ax sin 2mAx. Ax-\ "] 

ka; = 0L +sinA;(7r — Aic)8inm(7r — Aa;).AajJ 



Ax 



= I sin kx sin mx. dx ; 





but j sin ^ sin mx,dx = ^ j [cos (ni — kyx — cos (m + k)x'\dx 



,= if m and k are not equal. 
The coefficient of a^ is 

Aoj^sin^ mAx + sin* 2mAx + sin* SmAx + • • • + sin* nmAx) . 

Its limiting value 



j_ ^ sin* mAx, Ax + sin* 2m Ax, Ax + * • • + sin* m(7r — Aic)Aic 



limit 

Aa; 



TT 
2 



= j sin* mx.dx = 



The first member is 
f(Ax) sin mAx, Ax -\-f(2Ax) sin 2m Ax. Ax -[-••■ +/(^Aic) sin m?iAa;.Aa; 
and its limiting value is 

fr 

j /(ar) sin mx.dx . 



Hence the limiting form approached by the final equation as n is increased is 



j f(x) sin mx.dx = -^ dm' 



TT 

2 





2 



Whence «m = ~ I /(^) ^^^ m^.dx 



as before. 



This method is practically the same as multiplying the equation 

f(x) = «i sin x + «2 sin 2x + ^g sin 3a* + * * * (1) 

6y sm war. dx and iritegrating both merrvbers from, zero to ir . 
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It is exceedingly important to realize that the short method of determining 
any coefBieient <l^^ of the series (1) which has just been described i^ the itali- 
cized paragraph, is essentially the same as that of obtaining a-„ by actual 
elimination from the equations (4) Art. 19, and then supjiosing 'i^ to increase 
indefinitely, thus ijiaking the curves (3) JLrt^ 19 and (2) Art, 19 absolutely 
coincide between the values of x which are taken as the limits of the 
definite integration. 

26. We see, then, that any function of x which is single-valued^ finite, and 
contijiuous between a; = and x = tt, or if discontinuous has only finite 
discontinuities each of which is preceded and succeeded by continuous por- 
tions, can probably be developed into a^yserifes of the form 

f(x) = «! sin a* + Oa sin 2x + a^ sin Sa* + • • • (1) 

2 /» . 2 /» 

where »»» = "( /(^) sin mx.dx = — I /(«) sin ma,da ; (2) 



and the series^and the function will be identical for all values of x between 
a; = and a; = tt, not including the values aj = and aj = tt unless 
the given function is equal to zero for those values. 

An elab9rate investigation of the question of the convergence of the series 

* (1), for which we have not space, entirely confirms the result formulated 

above * and shows in addition that at a point of finite discontinuity the series 

has a value equal to half the sum of the two values which the function 

approaches as we approach the point in question from opposite sides. 

The investigation which we have made in the preceding sections establishes 
the fact that the curve represented by y=if(x) need not follow the same 
mathematical law throughout its length, but may be made up of portions of 
entirely different curves. For example, a broken line or a locus consisting of 
finite parts of several different and disconnected straight lines can be 
represented perfectly well by y = a sine series. 

26. Let us obtain a few sine developments. 

(a) Let f{x) = a- . (1) 

We have a; = aj sin a^ + «2 sin 2x + «8 sin 3aj + • • • (2) 

2 ' 



where 



a^ = — i X sin mx^dx (3) 



* Provided the function has not an infinite number of maxima and minima in the neigh- 
borhood of a point, v. Arts. 37-38. 
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/x sin mx.dx = — ^ Csin rnx — mx cos waj). 



89 



IT 

/ 





X sin im/x. dx = 



^ (— l)my 



^ 



Z'**. 



and 

(h) Let 



a; = 



= 2(^- 



sin 2a; , sin 3a; __ sin 4a; 
= — 1 sin ma;.d!a; ; 



+ •) 



««. = -/si 



(4) 
(1) 

(2) 



/ 



sin mx,dac = 



cos ma; 

m 



f 



sin ??w;.<3te = - n __ cos wtt) = - ri — (— 1)«1 
= if m is even 



Hence 



= — if w is odd. 
4 /sin a; , sin 3a; , sin 5x , sin 7x . \ 



(3) 



c = 



It is to be noticed that (3) gives at once a sine development for any constant 

€. ^ It is, 

4c /sin a; , sin 3a; , sin 5a; , \ 

(-j-+-3-+-g- + ---j. (4) 

If we substitute a; = -^ in (4) (a) or (3) (b) we get a familiar result, namely 

(5) 



TT 



w;_l _1 1_1 

4 "" 1 3 "^5 7"^ 



a formula usually derived by substituting a; = 1 in the power series for 
tan-^a;. (v. Dif. Cal. Art. 135.) 

(4) (a) does not hold good when a; = tt, anfl (3) (b) fails when x = and 
when a; = TT, for in all these cases the series reduces to zero. 

IT 

(c) Let f(x) = X from a; = to ^= t^ 

IT 

and f(x) :=ir — X from a; = — to a; = tt • 

That is, let y =/(a;) represent the broken 
line in the figure. 

As the mathematical expression for 
f(x) is different in the two halves of the 
curve we must break up 
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2 



Cf(x) sin mx.dx into \f{^) sin mx.dx + Cf(x) sin mx»dx» 

(J Q 



We have, then, 



V 

1 



v 



a^ =„ j a; sin mx.dx +•: j (^ — x) sin mx.dx 



But 



x2 . IT 

= -^ sm w - 



■ir 



sin w — = 1 if m = 1 or 4A; + 1 



« 



= 

= -1 " 

= " 



m = 2 
m = 3 
w = 4 






U + 2 
U + 3 



Hence if y =f(x) represents our broken line , 



4 /sm 



4 /sin ir sin 3ic . sin ox sin Tar 



3 
TT 



3^ 



+ 






7" 



+ 



■)• 



TT TT 

When X = — f(x) = ~ and we have 



8 12 ^ 32 ^ 5^ ^ 7« ^ 
(cT) As a case where the function has a finite discontinuity, let 

TT 



/(ar) = 1 from a; = to a; = ^ 

TT 



and 



(< 






x=^ 7r . 



y =/(a!) will in this case represent the locus in the figure. 
T As before 



8 



(1) 



(2) 



(3) 




I /(a*} sinma;.c^ = I /(«) sin mx.dx 




+ J/(«) si 



sin mx.dx , 



n 
'2 



a^j = — I sin mx.dx + —J 0. si 



sin mjx.djx . 



(1) 



Chap. II.] EXAMPLES. 41 




2 f . ^ 2 1/, 7r\ 

a^ = — I sm mx,dx = 1 1 — cos w — I 

TT^ IT m\ 2/ 
IT 

But cos m ~ = if w = 1 or 4A; + 1 

= — 1 « m = 2 " 4A; + 2 

= " m = 3 <^ 4A; + 3 

= 1 " w = 4 << 4Aj. 



Hence 



^^ . 2 /sin a , 2sin2cc , sin 3a; , sin 6a; , 2 sin 6aj , sinYa; . \ 



If x = '' 



^. the second member of (2) reduces to - , for 

and we see that the series represents the function completely for all values of 
X between a; = and a; = ~ except for a; = — and there it has a 
value which is the mean of the values approached by the function as x 

IT 

approaches -^ from opposite sides. 

EXAMPLES. 

Obtain the following developments : — 

(1). x^ = - I ( Y"~f8J sm a; — J sm 2a; + / j — -gj sm 3a; — — sm 4a; 



-(T-^)sin4a;+-J 



/OX -c-/ \ 2 Fsina; , tt . ^ sin 3a; 27r . . , si 
(3). /(^) = - L^T- + 22S^^2^ 3i ^sm4a; + - 

+ -^ sin 6a; — • • • J , 



sin5fl: 



52 
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TT TT 

if f(x) = X from a? = to a* = « ^-nd /(oj) = from x = — to .t = tt. 

,^. . 2 . r sinx / 2 sin 2a; , 3 sin 82; 4sin4aj , "1 

(4). sm /«; = - sin/t^ LliZT^s " giTr;:^ + S^^^" ~ F^T^. + " ■] 

if /i is a fraction. 

2 ri 2 3 

^5). e^ = — _ (1 -f- gir) sin aj + - (1 — e'^) sin 2aj + — (1 + «') sin 3x 

4 "1 

+ — (1 — e») sin 4a5 + • • • . 

/a\ * X. 2 sinh TT rl. 2.„.3._ 4... n 
(6). Sinn X = — - sin a; — - sm 2a; + :jr7: sm 3a; — — sin 4a; H . 

(7) cosh a; = — 7: (1 + cosh tt) sin a; + - (1 — cosh tt) sin 2x 

3 "1 

+ T^ (1 + cosh tt) sin 3^ + • • • . 

27. Let us now try to develop a given function of a; in a serie3 of cosines. 

As before suppose that f(x) has a single value for each value of x between 
a; = and a; = tt, that it does hot become infinite between a? = and 
a; = TT, and that if discontinuous it has only finite discontinuities. • ^ -^ J^ 

Assume . . .. "♦ ' 

f(x) = ^0 + ^1 cos X -\-h^ cos 2x + ftg cos 3a; + ' ' * (1) 

To determine any coefficient h^ multiply (1) by cos mx.dx and integrate 
each term from to tt. 



j ^y cos iiix,dx = 0. 






j hf. cos kx cos mx,dx = ^ ( [cos (w/ — A;)a; + cos (m + A;)a;]cte 



= if m and k are not equal. 



/b 
b^ cos^ nix.dx = ^ (ma; + cos mx sin ma;), ' 

j ^^ cos^ 7nx,dx = — bf^f if m is not zero. 




2 /» ._ , 2 



Hence ^m = ~ I /(^) cos mx.dx = — j /(a) cos rria.da , (2) 

if m is not «ero. 
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To get 60 multiply (1) by dx and integtate from zero to ir. 

C/igdir = lioir , 

Cb^iimkx,da- = 0. 

Hence *" = ^ Cf(x}dx = Hf{a)da, 

■which is just half the value that would be given by formula (2) if 
substituted for m. 

yo save a aeparate formula (1) is usually written 

f(x) = ^ia -t- 61 cos r + i-j cos 2j> + i, cos ar + ■ - ■ 
and then the formula 



(3) 



= |//Wc 



^/.•: 



;) cosjf 



will give be as well as the other coefficients. 

It is important to see clearly that what we have juat done in deter- 
mining the coefficients of (1) is equivale'nt to taking n + 1 terms of (4), 
substituting in 

y = 4*0 + ^1 COS 3:: + 61 cos 2x + ■ ■ - -\- b„ <i09 nx (5) 

in turn the co&i'dinates of the n + 1 points of the cu 

y=.fi:-r) 

whose projections on the axis of X are equidistant, det 
by elimination from the n + 1 resulting equations, a 
ing values they approach as « is indefinitely, increase! 
If Aa; ^ — r -j the abscissas of the n + 1 poii 
3iK, ■ - ■ KAar, so that we should expect our cosine 
a: = as well as for values of x between zero and jt 

28. Let us take one or two examples : 

(«) Let m=^- (1) 

h =- Cxdx = - — = w 
K = lj^ cos „.^ = A („, ^.-1) = ^ [(- 1) —1]. 
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)d not only for values of x between zero and ir but for :c = 
a veil, since for these values we liave 

by Art. 26 (c)(S). 

/(r) = rsin^. (1) 

6o = - %x sin x.dx = — w = 2 , 
ttJ it 

',=— ( xamx{iaax.dx^— i x sin 2x.(ix ^ — -r, , 
ttJ . ttJ 2 

;.(fo; =: — i [z sin (m + l)x — x sin (in — l)x'\dx 



e sin X cos mx. 



(„_!)(„ + !) 


if m. IS even 






— T-^^+ 


2co8 3a; 

2.4 


_2_ 


3.5 


+ 


we have 










4 2 "'" 1.3 ;i.- 


+ ^- 








EXAMPLES. 








oUowing developments; 











(2) 



w 2 Pcoa 2a; cos 6a; , cos IQj cos 14a; ~| 

4 - ^ L~l^ + 3^ "•■ 5^ "•■ 7^ + ■ ■ -J 

torn J- ^ to x^-^ and f{x) = tt — a: from a; = -^ to a 
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i rooax 009 'Ar cos5j- cos 73; ~| 

if /(x) = 1 from 3- = 0toa; = |an(l /(x) = from x = | to « = ir. 
(3). ,^ = --i]^— ^ + -35 45-+ ■■]■ 

+ — C03 4a: + 1-33 — ■pAao&bx —■ ■ ■ \- 

(6). yt.) = |+^[(|-i)c™,-|,co.2.-|.(f + i)c»a, 

+ —J / -^ 11 COS 5x + T7j cos 6x — ■ ■ I , 

if f{x) = X from « = to ^ ^ n ^"<i /(^) ^ *• from x ^ -^ to a 

> ,_, , 2 sinh TT rl 1 ■ 1 ^ 1 

(7). coah. = ^^|_---cosx + j.cos2.-j^cos3. 

+ j^ eoa 4j- ■ J . 

(8) sinh a; = — -(coshTr — 1) — 7; (coshTr + l)eDS x 

+ ■= (cosh W — 1) cos 2.r — — r (COShTT + l) COS 3* + 

,,, 2m sin MTT r 1 cos X , cos 2«* cos 3a; 

cos 43- _ ~| 

+ ^2 - 4' ■ ■ ■ J ' 
if /t is a fraction. 
29. Although any function can be expressed both as a sine 
cosine series, and the function and either series will be equal f 
X between zero and tr, there is a decided difference in the two ; 
values of X . 

Both series are periodic functions of x liaving the period 'Zir. If then we 
let y equal the series in question and construct the portion of the correspond- 



46 DEVELOPMENT IN TJUGOMOMETBIC SERIES. [Art. 29. 

ing curve which lies between the values a; = — w and x = ir the whole 

curve will consist of repetitions of this portion. 

lie of 
inate 
Torda 



inate 
3utve 

(2) 



lenea 

id -TT, 

ly be 

i cor- 
and 






/ 
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Both coincide with y = x from a; = to x^-tt, (3) coincides with 
y^x from x^ — ir to x^ir, and neither coincides with y=;x for 
values of x less than' — ir or greater than tt. Moreover (3), in addition to 
the continuous portions of the locus represented in the figure, gives the iso- 
lated points (— ■rr,0){iT,(i) {Zirfi) &c. 

30. We have seen that if f{x) is sa.odd function its development in sine 
series holds for all values of x from — tt to ir, as does the development of 
fix) in cosine series if f(x) is an even function. 

Thus the developments of Art. 26(a), Art. 26 Exs. (2), (4), 
Art. 28 Ess. (3), (7), (9) are valid for all values of x hetween - 

Any function of x can be developed into a Trigonometric se 
is equal for all values of x between — it and tr. 

Let f(x) be the given function of x. It can be expressed as 
even function of x and an odd function of x, by the following dt 

identically; but -^ — ^ is not changed by reversing tl 

is therefore an even function of x; and when we reverse 

'-^^ — ^ is affected only to the extent of having its sig 

is consequently an odd function of x. 
Therefore for all values of x between — tt ajid ir 



/(»)+/(-») ^i 



S ^0 + ^1 i^os ic + Jj cos 2a! -(- ij 



!/^ 



x.dx; 

^^^^ ■ ~I''~ ^^ = "i sin a; + Oh! sin 2a! + a, ai 

2 ^ fix) — fi~ x) 
where "m =^ - ( ^~^ — 9 sin mx.dx . 

6„ and a„ can be simplified a little. 

„ = - I ■'^ J -L. p L cos ■mx.dx 



'■=1/^ 



= i[//Wc 



h//i:-)» 



DEVELOPMENT IN TRIGOSOMBTEIC SERIES. [Art. 30. 

)lace X by — x, we get 
- x) cos mx.dx = — %f{x) cos mx-dx = j f{x) cos mx-dx , 

6„ ^ — I /(*) coa mx.dx . 
le way we eaa reduce the value of a„ to 

/(*) = 7, *o + *i eo9 a; + *! coa 2x 4- *i COS 3« + • ■ ■ ) 

J >■ (J) 

+ a-i sin a; + fflj sin 23; + a, sin 3x + ■ ■ ■ ) 

6„ ^ — I /(») cos mx.dx = — I f(a) cos ma.da. (3) 

elopment holds for all values of x between — w and ir. 
d member of (2) "is known as a Fourier's Series. 

EXAMPLES, 
the following developments, all of which are valid from x = — w- 

2 sinhw rl 1 ,1 „ 1 ., ,1 ^,"1 

= ^_|^^-_oos. + ^cos2.-^co6.tr + -cos4. + -J 

, 2 sinhw rl . 2 . „ , 3 . „ 4 . , 1 

+ ^^|_2sm.-gsm2. + -sm3:c-j^sin4.+ .--J. 

7T 2 r , cos 3.r , cos 6x , cos 7j- , "1 

= ___^<K,S, + __ + __ + __ + ... J 

f _i_ s^'^Sa- _ sin 4x 
+ 3 ^n"*" ■■■' 

r to J = and /(x) ^ « from a- ^= to »r ;= tt. 
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(3). f(x) = " 1^+ ^ 1 fa ^^^ ^ + 2^ ^^ ^^ "^ 3a ^^® ^* "^ 52 COS 6iC 

2 "1 

+ -J cos 6x + • • I 

37r . . , /37r 1\ .^ H 

~ — sm 4aj + (^— - ~) sm5x J , 



TT 



where f(x) = x from x = — ir to a; = 0, /(ar) = from x = to a? = - , 

TT TT 

and /(a) = ip — — from x=— to « == tt . 

2.. Show that formula (2) Art. 30 can be written 

f(x) = -Co cos /So + Ci cos (ic — /3i) + cg cos (2aj — /Sg) + ^'s cos (3a? — /Ss) H 

Avhere c„, = (a^ + b^^ and p^ = tan-* ^zs . 






3. . Show that formula (2) Art. 30 can be written 



f(x) = ^Co sin Po + ci sin (x + pi) + c^ sin (2x + p^) + Cg sin (3.t + /S.,) + * ' 



where c^ = {a^ + b^^ and p^ = tan"* -^ . 

31. In developing a function of x into a Trigonometric series it is often 
inconvenient to be held within the narrow boundaries x = — 7f and x = tt . 
Let us see if we cannot widen them. 

Let it be required to develop a function of x into a Trigonometric series 
which shall be equal to f(x) for all values of x between x = — c and a;= c . 

Introduce a new variable 

IT 

c 
which is equal to — tt when x = — c and to ir when x = c. 

f(x) =/(-' «) can be developed in terms of z by Art. 30 (2), (3), and (4). 
We have 

//— «) = o ^0 + ^1 cos ^ + ^2 cos 2z + bs cos 3z '{'••' I .^^ 

+ «! sin z + <h sin 2z + ag sin Sz -\~ - - - ) 

where ^^ = — r/l - 2; ) cos 7/i«.</;5; . (2) 



— IT 



f 



t, 
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[Art. 31. 



and 



(i^ = -Cf\^ «) sin mz.dz 



(3) 



and (1) holds good from « = — ^ to «== ir . 
Replace z by its value in terms of x and (1) becomes 

/(ic) = ^ ^0 + ^1 cos h ^2 cos h «>3 cos 1- 

, . irx , . 2vx , Sttoj , 

+ »! sm 1- »2 sm 1- Oj sin 1- 

G c c 



(*) 



di- ^i^- 



The coefficients in (4) are the same as in (1), and (4) holds good from 
X = — c to X =z c , 

Formulas (2) and (3) can be put into more convenient shape. 



-IT -C 



cos — c^ 



or 



'm 



= -c //(-) 



cos ax 



= J //« 



. mirk _^ 
cos c?X . 



— c 



In like manner we can transform (3) into 



c c 

a«= - J /(a?) sm —^ ^ = ; J /(^) sill -7- <^^ • 



— c 



— c 



(6) 



(6) 



By treating in like fashion formulas (1) and (2) Art. 25 and formulas (4) 
and (2) Art. 27 we get 



f(x) = «! sin ' 1- <^ sin 1- ag sm 1- 

c c c 



(7) 



where «^m = ~ I /W sm dx=- I /(X) sin d\ . 



(8) 



and 



TTX 



/(^) = 2 *o + ^1 cos — + ^2 



27raj , , Sttx . 
cos h ©8 cos h 



(9) 



where 



TO 



2 /^ 





mTTiK ,. 2 

cos dx = 



i = - //(^) 



twttA -^ 

cos a\ 

c 



and (7) and (9) hold good from .r = to x = c. 



(10) 



t 



d 
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EXAMPLES. 
1. Obtain the following developments: 

irx , 1 . 3wx ! 1 . Bttx 



(1). l=:-|_8in- + 3sm— +^8m— +--J 



from x = to X = c . 



^^. 2c r , irx 1 . 2wx . 1 . Swx 1 . 47raj , T 

(^2)* a; = — sm sm f- -z sm 7 sm h * * * 

^ ^' 7rLc2 c 3 c4 c J 



from X = — c to ic = c. 



X 



from iT = to « = c . 



(3). a.^=^L(^-j-3;Bm-~-sm — + (---3)sm 

TT^ . 47ra; , /tt^ 4\ . ^irx , H 



Sthb 
c 



from a; = to x = c. 



x^ 



from ar = — c to a; = c. 

27ra; 



(4). a^= 2,r [^-^^^^ sm - + -i^^ 



sin 



c 



, 3(1 + 60 • 37raj , 4(1 — e^) . 4^a; , "I 

c^ + Ott* c c* + IGtt^ c J 



^ = 2c Q 



6*^ — 1 6*^ + 1 THK, e^— 1 27ra; 

cos 1- q , — \ cos 






6*^ + 1 37ric 

- ,-q:9;^2 cos 

from a; = to aj = c . 



k X = c 



c Ac r irx , 1 37ra; , 1 birx . 1 lirx , T 

= T^ . cos h :r„ cos + —« COS 1- =u COS '' r * ' ' I 

2 7r-^Lc^3^ c^5^ o^Tc^ J 



(T* 4c* r Tra; 1 27ra; , 1 3^a5 1 47ra; , T 

= :r -^ — :: COS :r„ COS h 77^ COS Tn COS r * * ' I 

3 TT^ L c 2^ c ^ 3* c 42 c ^ J 



xp-N /./ \ 4c r . Traj 1 . 37ra; , 1 . 5irx , "I 

(5)/(a') = ;p.[_sm--3,sm — + g,sm— + ---J 

from aj = to x = c , 
where f(x) = x from a; = to x = ^ and /(«) = c — a; from » = « to 




52 DEVEtOFMBNT IN TKIGON'OMETRIC SERIES. [AHt, 

2. , Show that formula (4) Art. 31 can be written 

/(«) = 2 ^0 cos Po + <^i cos y-^ PiJ + C2 cos i~ p^j 

+ CjCOS l-^ — P^+ ' • ' 

where c^ = {a^ + h^y and )8^ = tan-iT^. 

3. , Show that formula (4) Art. 31 can be written 

/(«) = 2 ''^ ^^^ ^'^ "^ ^' ^^^ \T "^ ^7 "*" ^^ "^^^ ("7" "*" '^^Z 

+ ^3 sin y-^ + PA-^r • ' ' 

where c^ = (al + ^^^)^ and p^ = tan" ^ — . 

32. In the formulas of Art. 31 c may have as great a value as we please, 
so that we can obtain a Trigonometric Series for f(x) that will represent the 
given function through as great an interval as we may choose to take. If, 
then, we can obtain the limiting form approached by the series (4) Art. 31 as 
c is indefinitely increased the expression in question ought to be equal to the 
given function of x for all values of x. Equation (4) Art. 31 can be written 
as follows if we replace h, b^ h^^ - - - ^i, «2> * ' ' by their values given in 
Art. 31 (5) and (6). 



^(^) = ^GA^>^^ 



— c 



+ I fW ^^^ "T ^^^ — ^^^ "r I fW ^^® ^^s "~7~ ^^ + 



— c _c 



i- I /(X) sin — sm — f/A + 1 /(A) sin sm dX-^- - • - 



— c —c 



- I f(K) cfX H + COS — cos — + Sin — sm — 



r c r 



im-X iirx , . 27rX . 2'rrx , n 
+ cos -^— COS —7 1- sin sin r * * * 



V 



r (' 



I 



:>i 



i 



V 
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f(x) =ljf(\)d\ [i + cos J (X - x) + cos ^ (X - x) + • • •] 



•e 
c 



= 1^ CfQC)d\ fl + cos ^ (X - ir) + cos ^ (X - ip) H -t ^ - l)^ 

— c 

+*cos ( A (k — x) + COS I ) (X — x) + • • • j 

since cos ( — 4d ^^ ^^^ ^ • 

c 

^^""^ = ^ //(^)'^^ [• • • + 7 '^^ (- v) (^ - •'> + 7 '^«*' (- 7) (^ -*) 



H — cos — (X — ./•) i — cos — (\ •— X) 

c c ^ ^ c e ^ ^ 

* 

+ ^oo8H!r(A-x) + ---] (1) 

As c is indefinitely increased the limiting value approached by- the 
parenthesis in (1) is 

COS a(X — x).da. 
Hence the limiting form approached by (1) is 



Co^'^'". 



00 00 



f(x) = ~- j7(X)c?xJ'cos a(X — a;)^a , (2) 

and the second member of (2) must be equal to f(x) for all values of x . 

The double integral in (2) is known as Fourier^s Integral, and since it is a 
limiting form of Faurler^s Series it is subject to the same limitations as the 
series. 

That is, in order that (2) should be true f(x) must be finite, continuous, and 
single valued for all values of x, or if discontinuous, must have only finite 
discontinuities.* 

(2) is sometimes given in a slightly different form. 



00 



Since | cos a(X — x).da =■ i cos a(X — x).da + j cos a(X — .r).da 



and 



— » 



\ j cos a(X — x).da = j cos ( — a)(X — x),d( — a) = — I cos a(X — x),da 

l| — » ■ X> 00 

It ¥1 nn 



X 00 

X 00 

I COS a(\ — jr),da =21 cos a(X — .?t).c^ 
♦ 8ee note on page i]8. 
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and (2) may be written - . 

CO ■ OS . -I • 

/(«)=- Cf(X)d\Cco&a(X'-x).da. (3) 

— OD ' 

If f(x) is an even function or an odd function (3) can be still fiirtlier. simpli- 
fied. 

Let .f(x)=-f('-x), .' . ■ 

^^^ \ Since the limits of integration in (3) do not contain a or A the integrations 
^yj^ \ ni^y ^ performed in whichever order we choose. That is 



QD 00 



j /(X)c?A j cos a(X — x).da = ( da j /(A) cos a(X — x),dX. . 

-rOC — » 

Now 

OB 00 

Cf(X) cos a(X — x),dX = Cf(X) COS a(X — x).dX + Cf(X) cos a(X — x),dX . 

— OD — 00 



Cf(X) COS a(X — aj).(^A. = (/(~ ^) cos a(— A — x).d(-— X) 



— 00 ' 06 

00 



= — j /(X) COS a(X + aj).c?X 



and (3) becomes 

OD OB 

f^x) = — Cda (f(X) [cos a(X — a;) — cos a(X + x)2'dX 





00 OB 



= — j (^a j/(A)sinaXsinaaj.c?X 



OC OD 

or f(x) = — if(X)dX j sin aX sin ax.da . - (4) 



If f(x) =/( — x) (3) can be reduced in like manner to 

00 00 

f(x) = - \f(X)dX j cos aX cos aa!;.e^a . (5) 



Although (4) holds for all values of x only in case f(x) is an odd function, 
and (5) only in case f(x) is an even function, both (4) and (5) hold for all* 
positive values of x in the case of any function. 

EXAMPLE. 

(1)^ Obtain formulas (4) and (5) directly from (7) and (9) Art. 31. ^ ^ 






CHAPTER III. 



CONVERGENCE OF FOURIER S SERIES. 

33. The question of the convergence of a Fourier's Series is altogether too 
large to be completely handled in an elementary treatise. We will, however, 
consider at some length one of the most important of the series we have 
obtained, namely 

4 r . s in 3a; sin 5a; sin 7a; n r /q\ a «4- o^/j^\ n 

~ I sm X H \ 1 h • • • , [v. (3) Art. 2^h),^ 

and prove that for all values of x between zero and tt its sum \^ absolutely 
equal to unity; that is, that the limit approached by the sum of n terms of the 
series 

9.r ^ ' ' n 

— I sin X j sin a,da + sin 2x I sin 2a,da + sin 3a; j sin 3a,da + ' ' ' ? 



as 7i is indefinitely increased, is 1, provided that x lies between zero and tt. 

Let 

rt I— ' ^ ^ ' 

S„ = -'\ sin X Csin a,da + sin 2x j sin 2a,da + sin 3a; j sin Sa.da + • • • 



IT 

+ sin nx j sin na,da I . 



(1) 



Then 



o 

^„ = — I [sin a sin x + sin 2a sin 2x + sin 3a sin 3a; H 1- sin na sin wa;Jtf^ 



3= — P[cos (a — a;) — cos (a + x) + cos 2(a — a;) — cos 2(a + a;)H — • 



+ cos n(a — x) — cos n(a -\-x)']da 

1 ' 

= — j [cos (a — a*) + cos 2(a — a;) + cos 3(a — -0 + ' * ' + cos Jt(a — x)'\da 



1 ' 

j [cos (a-^x) -{- cos 2(a + a;) + cos 3(a + a;) + ' * ' + cos //(a + x)']da . 



IH^^Ec-'-i 



.-1 ! 
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Therefore by Art. 20 (1) 

sin (2n + 1) 






da 
a-^x J 



sm — -z — 

^ _-- / da — jr-i j da . 

27rJ . a — aj ^'ttJ . a + x 

sm — ^r — sm — - — 

In the first integruil sul?stitute ^ tor r— — , aAcl in tke second integral sub- 
stitute )3 for — TT^ ' 

We get 

IT X W .T 

ttJ sin/3 ^ 7r»/ sm^ ^ ^ 

;r 21 

It remains to find tlie limit approached by S^ as n is indefinitely increased. 



34. 



For 



pin(2. + l)^ ^^. (1) J 

J sm/3 ^ 2 I 



5i2i|i±l)^ = 1 + cos 2)8 + cos 4;8+ •': - + 008 2»/3, by Art. 20. 



■n 
2 



a^^^i Cco8 2kp.dp = 0, ' ■ I 





Let us construct the curve 



\ 



sm (2n + l)x 

y = ^^-; — . 

sm X 

We have only to draw the curve y = sin (2n + l)x and then to divide* 
the length of each ordinate by the value of the sine of the corresponding; 
abscissa. 

In // = sin (2?i + l)x the successive arches into which the curve is 
divided by the axis of Xare equal, and consequently their areas are equal. L 




C¥Aj>, Ji^] 
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i w, 



I* 




£9X$h atoh has for its altitude unity and for its base 
and is symmetrical with respect to the ordi- 



2n + l 

nate of its highest or lowest point. 

T* „ ,, sin (2n + l)x 

It now we torm the curve y = ^^-^ ^ from 

sin jc 

the curve i/ = sin (2n -+- l)x , it is clear that, since 

sin X increases as x increases from to — , the ordi- 

nate of any point of the new curve will be shorter 
than the ordinate of the corresponding point in the 
preceding arch, and that consequently the area of 

each arch of y= ^ — will be less than 

8m « 

that of the arch before it. 

If ao, ai, az, • ' ' a^^i are the areas of the suc- 
cessive arches and a„ that of the incomplete arch tenni- 

TT 

nated by the ordinate corresponding to x = -^ 



2 

/«in (2n + l)x , ' , , 
^-^ — ax = (Iq — rii + ^2 — r/g + 
sm X 



But 



2 



IT 

2 



j™^±l),^_JSa^±12«,^^,,^^., 



Hence 



TT 



— = a^ — ui + <^2 — «8 + ^''4 ~ • • * + f*n i^ ^ is even, 



or 



4^ 



— = «o — ^'i + ^2 — "s + '^4 — ' ■ — ^'» if ^ is odd. 
These equations can be written 

^ = «o + (— ''i + ^'2) + (— 'h + «4) 

if n is even, and 

^ = <'0 + (— ''1 + «2) + (— ^H + «^4) 

+ (— <'6 + ^'e) + ••• + (— «^«- 2 + ^^« -1) + (— ^^) 
if // is odd. 



\ 



i 



,-' 
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In either case eaeh parenthesis is a negative quantity siooe 

«o > ai > Oa ]> o^a ■ " ^ »»? 

and it follows that % is greater than — . 
Again 

TT 

- = ao — «! + (as — as) + (^4 — ag) H h («„ _2 — «« -i) + ^n 

if ?i is even and 

TT 

2 = «o — «i + (^2 — as) + (^4 — «^5) H h (a«_i — ««) 

if 7i is odd. 

In either case each parenthesis is positive and it follows that ao — Ui is 

less than — . 



Since 



TT 



ao and ^o — «^i differ from — by less than they differ from each other, that 

is, by less than a^ . 

In like manner we can show that ao — a^ and ao — «! + «2 differ from 

— by less than ag? and in general that ao — ai-\- a2 — ^g + • • * ± a^ differs 

^ TT 

from ~ by less than %> or even that 

fto — «! + a^ — «3 + • • • ± — ^ 

TT " ^ 

differs from — by less than a^ no matter what the value of p., provided p is 
greater than unity. 

35. From what has been proved in the last article it follows that 



J sma? 



TT TT 77" 

where ^ is some value between - — r-^ and — , differs from — by less than 

the area of the arch in which the ordinate of v = ^ — ' correspond- 

^ sm X 

ing to x-=zh falls if this ordinate divides an arch, or by less than the area 

of the arch next beyond the point (^, 0) if the curve crosses the axis of Xat 

that point. 



/••' 
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IT 

The area of the arch in question is less than , its base, multiplied by 

, a value greater than the length of its longest ordinate. 



sin ih — 



Therefore Ain(2n + l)x ^ 

J smx 



differs from — by less than 



2 ^ 27i + 1 . 

sm 



(* - 2liTi) 



If now n is indefinitely increased , . r- approaches 

zero as its limit, and we get the very important result 

limit r f sin (2n + l)x n _ tt .j) 

t=ooLJ sinx *"J-2 ^ 



if 0<fi<|. 



-— - 2r J. ? 

2 2 2 2 



36. 5„ = 1 pin(2n + l)^ 1 pin(2n+l)^ ;^^ 33 






2 



IT a* 
2 ""2 



^ 1 piu(2n + l)^ 1 rsin(2n + l)^ 

ttJ sin 5 TT*/ smfi 



2 



IT 

i" 



pin(2n + l)^ 1 pin(2n + l)^ 



1 /•sin^27i + 

TT 







- at 
2 "*'2 



_i pin(2n+l)ff 



IT 

2 



This last value for S^ can be somewhat simplified. 
Substituting y= — /? we get 

pin (2n + 1)^ ^^ ^ pin(2>. + l)y ^ A 8in(2n+1)^ • 
J sin/8 J siny ^ J sin)8 



X r 

2 'i 



I \ 
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Substituting y == tt — /? in 



V X 

2 2 



j sinfl •^ 



we have 



2 

W X IT 3C IT 

ysin(2. + l)^ y'sm(2«4-l)y. ^ rsin(2n + l)ff 

J sm/J '^ J smy 'J smj3 



2 



8 2~2 

IT IT a; 

2 2 2 



^ /♦8in(2. + l)^^^_r8in(2n + l)^ . 
J sinij '^ J sin/8 '^ 

n ' ft ' 



Hence 



X n r 

2 2 — 2 



" ttJ sm/3 '^ ttJ- sinjj '^ jtJ smB ^ 

' '^ '^ 



w 
2 



/ 



™<^ + ^^ rfg = ; by (1) Art. 34, 

sinfl ^2 •^ ^ -^ 



sinfl 
'^ 



2 

limit 



n 



Tllr^^^^P^ a^yi « 0<-<- by (1) Art. 35 



and 



ir X 
2 ~8 



.'itr/^^^^^^'^"]"! «»<«<' v(i)A«.35, 



/I 

"O 



Therefore limit [-^j = i + i_i = i if 0<.r<,r and 



n= oo 



4 r . I sin Sx . sin 5a; , sin 7x . n . 

for all values of x between zero and tt . 

37. By a somewhat long but not especially difficult extension of the rea- 
soning just given it can be shown that if f(x) is single- valued and finite 
between x = — tt and x = ir, and has only a finite nuinher of disrmi- 
tlnuities and of maxima and minima between x = — ir and wc = tt the 

Fourier^s Series 

1 

Q ^0 + ^1 <50S a; + ^2 cos 2x + ^s cos 3ir + • • • 

-f- rti sin a: -|- a^ sin 2a; + <^8 sin 3a; -f- * * ' 



N 



/ 
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n 

where a^ = — I f(a) sin ma.da 



— » 



It 
and ft^ =t= — j f(a} cos ma.da , 



— IT 



/^//€/ ^A«^ Fourier's Series only is equal to /(a;) for all values of x between 
£c = — TT and ic = TT , excepting the values of x corresponding to the discon- 
tinuities of /(«), and the values tr and — «■ if /(tt) is not equal to /(— ir) ; 
and that if c is a value of x corresponding to a discontinuity of f(x), the value 
of the series when x = c is 

and that if /(ir) is not equal to /(— tt) the value of the series when x = — ir 
and when ar = tt is 

If f(x) while satisfying the conditions named in the preceding paragraph 
except for a finite number of values of x, becomes infinite for those values, the 
series is equal to the function except for the values of x in question provided 

tnat I f(x)dx is finite and determinate, (v. Int. Cal. Arts. 83 and 84.) 



— n 



38. The question of the convergency of a Fourier's Series and the condi- 
tions under which a function may be developed in such a series was first 
attacked successfully by Dirichlet in 1829, and his conclusions have been 
criticised and extended by later mathematicians, notably by Riemann, Heine, 
liipschitz, and dii Bois Reymond. It may be noted that the criticisms relate 
not to the sufficiency but to the necessity of Dirichlet's conditions. 

An excellent resume of the literature of the subject is given by Arnold 
Sachse in a short dissertation published by Gauthier-Villars, Paris, 1880, 
entitled "Essai Historique sur la Representation d'une Fonction Arbitraire 
d'une serale variable par ttne S^rie Trigonom^trique." 

30. A good deal of light is throMrn on the peculiarities of trigonometric 
series by the attempt to construct approximately the pMVes jrinB^sponding to 

If we construct y = «! »in x a»d t^ = e^g sin 2x and add the ordiliates 
of the points having the same stfed€fiss«s we shall obtain points on the curve 



; 



> 
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y =z ax sin a; + ^2 siii 2a5 . 

If now we construct y=,a^ sin^aj and add the ordinates to those of 
y z= Oi sin X -{- (I2 sin 2x we shall get the curve 

y = ai sin X -\- ai sin 2x + a, sin 3a5. 

By continuing this process we get successive approximations to 

y = «! sin X -\- a^ sin 2x + a^ sin Zx + a4 sin 4aj + • * • 

Let us apply this method to a few of the series which we have obtained in 
Chapter II. 
Take 

y = sin x-\-- sin 3a; + ^ sin 5aj H (1) 

«5 O 

TT 

= when a: = 0, - from aj = to a; = 7r, and when a; = 7r, 
V. Art. 26 Pi(3). 

y = 2 /sin X — j: sin 2a; + « sin 3a; — - sin 4a; +. • • • 1 (2) 

= a; from a; = to a; = 7r, and when a; = 7r, 
Art. 26[a](4). 



2^ = - I p sm a; — -g sin 3a; + - sm 5a; — - sin 7a; H J 

TT TT 

= X from a; = to a; = ~ , and tt — x from a; = — to a; = tt, 



^ 



Art. 26 [c](2). 

12 1 1 2 1 

y = - sin a; + ;r sin 2x + ;7 sin 3a; + p sin hx — ^ sin 6a; + - sin lx-\ (4^ 

1 ^ O t> D 7 

TT • • TT TT 

= when a; = , 75 from a; = to a; = — , and from x=-— to x^^ir^ 

V. Art. 26 [^](2). • ; 

It must be borne in mind that each of these curves is periodic having the 
period 27r, and is symmetrical with respect to the origin. 

The following figures I, II, III, and IV represent the first four approxima- 
tions to each pljbhese ^rves. 

In each figiwir the luye y = the series, and the approximation in question 
are drawn in continuous lines, and the preceding approximation and the curve 
corresponding to the term to be added are drawn in dotted lines. 
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'Figs. I, II, III, and IV immediately suggest the following facts: 

(a) The curve representing each approximation is continuous even when 
the curve representing the series is discontinuous. 

(b) When the curve representing the series is discontinuous the portion of 
each successive approximate curve in the neighborhood of the point whose 
abscissa is a value of x for which the series curve is discontinuous approaches 
more and more nearly a straight line perpendicular to the axis of X and con- 
necting the separate portions of the series curve. 

(e) The curves representing successive approximations do not necessarily 
tend to lose their wavy character, since each is obtained from the preceding 
one by superposing upon it a wave line whose waves are shorter each time but 
do not necessarily lose their sharpness of pitch. This is the case in Figures 
I, II, and IV. In Fig. Ill the waves of the superposed curves grow rapidly 
flatter. 

It follows from this that in such cases as those represented in Figures I, II, 
and IV the direction of. the approximate curve at a point having a given 
abscissa does not in general approach the direction of the series curve at the 
corresponding point, or indeed, approach any limiting value, as the approxima- 
tion is made closer and closer; and that the length of any portion of the 
approximate curve will not in general approach the length of the correspond- 
ing portion of the series curve. 

Analytically this amounts to saying that the derivative of a function of x 
cannot in general be obtained by differentiating term by term the Fourier's 
Series which represents the function. 

(d) The area bounded by a given ordinate, the approximate curve, the axis of 
JCy and any second ordinate will approach as its limit the corresponding area of 
the series curve if the series curve is continuous between the ordinates in 
question; and will approach the area bounded by the given ordinate, the series 
curve, the axis of X, any second ordinate, and a line perpendicular to the axis 
of X, and joining the separate portions of the series curve if the latter has a 
discontinuity between the ordinates in question. 

Analytically this amounts to saying that the Fourier's Series corresponding 
to any given function can be integrated term by term and the resulting series 
will represent the integral of the function even when the function is 
discontinuous (v. Int. Cal. Art. 83). 

We may note in passing that if the function curve is continuous a curve 
representing the integral of the function will be continuous and will not 
change its direction abruptly at any point; while if the function curve is dis- 
continuous the curve representing the integral will still be continuous but will 
change its direction abruptly at points corresponding to the discontinuities of 
the given function. 
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40. The facts that the derivative of a Fourier's Series cannot in general be 
obtained by differentiating the series term by term and that its integral can be 
obtained by integrating the series term by term are so important that it is 
worth while to look at the matter a little more closely. Let us consider the 
differentiation of the series represented in Art. 39 Figure I. 

Let 

aS^ = sin x + - sin 3a; + ^ sin 5a; + • • • + o i t s^^ (2^ + 1)^» 
Then -r-^ = cos x + cos 3a; + cos hx-\- - * '•\- cos (2n + V)x. 



If x=2 



IT 



dx 



TT 



and the curve is parallel to the axis of X for « = "o ^^ matter what the 

value of 71. 

If a; = or a; = tt 

^'• = 1 + 1 + 1 + 1 + •• - + 1=^ + 1 

and the curve y = S^ becomes more nearly perpendicular to the axis of X 
at the origin and for a; = tt as we increase n. 



u . = 1 



dx 2 "-^2^2 ^2^ 



That is ^= I if n = or n = 3k 

dx 2 



2 



71 =1 " n = 3k-\-l 



= " 71 = 2 " 7i = 3k + 2, 

Consequently when a; = — -r^** does not approach any limiting value as ti is 
indefinitely increased. Indeed, in the successive approximations the point 

TT • 

whose abscissa is — is successively on the rear, on the front, and on the crest 

or in the trough of a wave, and although the waves are getting smaller they do 

not lose their sharpness of pitch. 

dS 
If X has any other value between and tt — ** will change abruptly as 7i is 

changed and will not approach any limiting value as /i is increased. 
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41. In general if we differentiate a Fourier's Series 

S = -^bo-\-bi cos x + bi cos 2x + b^ cos Sx-] 

+ «! sin a; + ^2 sin 2x + ds sin 3a- +" • • • 
we get 4 

— bi sin X — 2^9 sin 2x — 3*8 sin 3a; — • • 

+ «! cos x + 2^2 cos 2a; + 3a^ cos 3a; H — • . 
Differentiate again and we get 

— bi cos x — 2\ cos .2a; — 3^*8 cos 3a; — • • 

— ai sin X — 2^aa sin 2a; — 3**8 sin 3a; — • • • . 

We see that each time we differentiate we multiply the coefficient of sin kx 
and of cos kxhy k while the term still involves cos kx or sin kx . 
Since the series 

cos X + cos 2a; + cos 3a; + • • • 

+ sin X + sin 2a; + sin 3a; + • • • 

is not convergent, and a Fourier's Series converges only because its coefficients 
decrease as we advance in the series, the differentiation of a Fourier's Series 
must make its convergence less rapid if it does not actually destroy it, and 
repetitions of the process will usually eventually make the derived series 
diverge. 

It is to be observed that the derived series are Fourier's Series, but of some- 
what special form, that is they lack^the constant term. (v. Art. 30.) 

If now we integrate a Fourier's Series 

- *o + ^1 cos x-\- b2 cos 2a; + b^ cos 3a; + • • • 
+ «! sin a; + »2 sin 2x + «8 sin 3a; + • • • 
we get ^ + rt *o^ + ^1 sin a; + ;t *2 sin 2a; + r: *8 sin Sx-] — • 

— »! COS X — ;r a2 COS 2x — - ttg COS 3a; , 

a Trigonometric Series which converges more rapidly than the given series. 

It is to be observed that the series obtained by integrating a Fourier's 
Series is not in general a Fourier's Series owing to the presence of the term 
i^o*. (V. Art. 30.) 

42. We are now ready to consider the conditions under which a function of 
X can be developed into a Fourier's Series whose term by term derivative shall 
be equal to the derivative of the function. 
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Let the function f(x) satisfy the conditions stated in Art. 37. Then there 
is one Fourier's Series and but one which is equal to it. Call this series S, 

Let the derivative f{x)^ of the given function also satisfy the conditions 
stated in Art. 37. Then f(x) can be expressed as a Fourier's Series. By Art. 
.39 (d) the integral of this latter series will be equal to the integral of /'(a;), 
that is to f(x) plus a constant, and one integral will be equal to f(x) . 

If this integral which is necessarily a Trigonometric Series is a Fourier's 
Series it must be identical with S, It will be a Fourier's Series only in case 
the Fourier's Series for f\x) lacks the constant term ^Iq. 



But 



&o = - Cf(x)dx by (3) Art. 30. 



— IT 



Therefore b, = l [/(«-) -/(- tt)]; 

and will be zero if /(tt) =/( — tt) . 

In order that /'(») shall satisfy the conditions stated in Art. 37 f(x) while 
satisfying the same conditions must in addition be finite and continuous 
between x = — tt and x = tt. 

If, then, f(x) is single-valued, finite, and continuous, and has only a finite 
nuwher ofTnaxiirna and minima, between a; = — ir and a; == tt, (the values 
a: = — TT and a; = tt being included), and if f(ir) =/( — tt) f(x) can be 
developed into a Fourier's Series whose term by term derivative will be equal 
to the derivative of the function. 

It will be observed that in this case the periodic curve y = S is continuous 

throughout its whole extent. 

• 

43. Since a Fourier's Integral is a limiting case of a Fourier's Series the 
conclusions stated in this chapter hold, mutatis mutandis for a Fourier's 
Integral. 

For example if a function of x is finite and single- valued for all values of x 
and has not an infinite number of discontinuities or of maxima and minima in 
the neighborhood of any value of x it will be equal to the Fourier's Integral 



QO CX 



— Ida ( /(X) cos a(X — x),d\ 



00 



and to that Fourier's Integral only, and the integral with respect to x of this 
Fourier's Integral will be equal to if(x)dx. 

If in addition f(x) is finite and continuous for all vahies of x the derivative 

df(x) 
of the Fourier's Integral with respect to x will be equal to "~r- • 

* We shall regularly use the notation f(x) for ^^ . v. Dif. Cal. Art. 124. ^ 
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CHAPTER IV. 

SOLUTION OF PBOBLEM8 IN PHYSICS BY THE AID OF FOUBIER'S 

INTEGRALS AND FOUBIEB'S SEBIES. 

44. In Art. 7 we have already considered at some length a problem in 
Heat Conduction which required the use of a Fourier's Series. We shall begin 
the present chapter with a problem closely analogous in its treatment to that 
of Art. 7, but calling for the use of a Fourier's Integral. 

Suppose that electricity is flowing in a thin plane sheet of infinite extent 
and that .the value of the potential function is given for every point in some 
straight line in the sheet, required the value of the potential function at any 
point of the sheet. 

. Let us take the line as the axis of X and consider at first only those points 
for which y is positive: 

We have, then, to satisfy the equation 

BIV^BIV^^O (1) 

subject to the conditions 

F=0 when y= oo (2) 

V^fix) - y = (3) 

i^rhere f(x) is a given function, and we are not concerned with negative 
values of y. 

As in Art. 7 we have e~*^ sin ax and e""*^cos ax as particular values of V 
which satisfy (1) and (2). We must multiply them by constant coefficients 
and so combine tiaem as to satisfy condition (3). 

By (3) Art. 32 



00 00 



f(x) =z^ ( da I /(X) cos a(\ — x).d\ . (4) 



— oo 



We wish to build up a value of F which will reduce to (4) when y = 0. 
This requires a little care but not much ingenuity. 
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Take ^"""^cosaaj and e~'^^\nax and multiply the first by cos aA, and 
the second by sin dk ; they are still values of V which satisfy (1). Add 
these and we get 

e~**'cosa(A — a;), 

still a value of V which satisfies (1), no matter what the values of a and A^ 
Multiply by f(K)d\ and we have 

e-^'^fQC) cos a(A — x)d\ (5) 

as a value of V which satisfies (1). 



00 



r= Te— y/(^)cosa(A--«).rfA (6) 



— w 



is still a solution of (1) since it is the limit of the sum of terms covered by 
the form (5); and finally 

^ OB 00 

F= - Cda Cer •y/(A) cos a(A — x),d\ (7) 



—3D 



is a solution of (1) as it is — multiplied by the limit of the sum of terms 

formed by multiplying the second member of (6) by da and giving different 
values to a. 

!But (7) must be our required solution since while it satisfies (1) and (2), it 
reduces to (4) when y = and therefore satisfies condition (3). 

If f(x) is an even function we can reduce (7) to the form 

oo oc 

r= - Cda Ce-'^yfik) cos ax cos aA.e^A (8) 



and if f(x) is an odd function to the form 

2 



00 00 



F= — I da I 6~*y/(A) sin oa; sin aX.dk . (9) 



(7), (8), and (9) are valid only for positive values of y, but as the problem is 
obviously symmetrical with respect to the axis of X, (7), (8), and (9) enable 
us to get the value of the potential function at any point of the plane. 

EXAMPLES. 

1. Obtain forms (8) and (9) directly by the aid of (5) and (4) Art. 32. 

2. State a problem in statical electricity of which the solution given in 
Art. 44 is the solution. 



( 
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45. As- a special case under Art 44 let us consider the problem : — To find 
tKe value of the potential function at any point of a thin plane sheet of infinite 
extent where all points of a given line which lie to the left of the origin are 
kept at potential zero, and all points which lie to the right of the origin are 
kept at potential unity. 

Here f(x) = if x<0 and f(x) = l if x>0. 

(7) Art. 44 gives us the required solution. It is 



00 00 



r = -^ Cda Ce- "^y cos a(A — x)d\ ; (1) 

«• ' 

but this can be much simplified. 
We have 



00 00 

F=— I ^A. I e""*«'cosa(A — ic).fl?a. 





oc 



Now \ er^ cos mx,dx = -^-r — 5 



if a>0. (Int. Cal. Art. -82, Ex. 8.) 

00 

Hence 1 e~ '^^ cos a(A — x).da= ^ ^ r 



i^ 



'rrj y^ + (X — xy TT \2 y/ 



tan(- +tan-^-) = — ctn(tan-^-) = — - ; 
\2 y/ \ y/ X. 

and consequently 

F=- (~ + tan-i-) =1 - - tan-^ ^ . (2) 

TT \2 y/ TT X ^ 

1 y 

Since log ;s; = log (x + yi) = - log (x^ + 1/^) + i tan" ^ - , 

^ . X 

[Int. Cal. Art. 33 (2)], 

t — ^ log»= '/ — - log (a; + 2^i) = — ^ log (x^ + y^ + M 1 tan-^^j 

1 ?/ 1 

and 1 tan""^ - and — — log (x^ -\- y^ are eonjti^ate functions, (v. Int. 

Cal. Arts. 209 and 210.) Hence 

Vi = -^log(x' + y^ . (3) 

is' a solution of the equation 

I>^V,-^D^V,^0', (4) 
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[Art. 45. 



and the curves 



and 



-(^+tan-i-) = a 



- — log(a^^ + y^ = ft 



(5) 



(6) 



cut each other at right angles. 

If we construct the curves obtained by giving different values to a in (5) we 
get a set of equipotential lines for the conducting sheet described at the begin- 
ning of this article, and the curves obtained by giving different values to (b) in 
(6) will be the lines of flow. 



Moreover since 



V^=-:^\og{f + f) 



(3) 



is a solution of Laplace's Equation (4), the lines of flow just mentioned will be 
equipotential lines for a certain distribution of potential, for which the equi- 
potential lines above mentioned will be lines of flow. 
F=a, that is 



1 /TT 



+ tan-^-) = 



y) 



reduces to 



7rv2 

y = — X tan air . 



(5) 
(7) 



If now we give to a values differing by a constant amount we get a set of 
straight lines radiating from the origin and at equal angular intervals. 
Fi = 6 , that is 

-^log(«« + y») = ft, (6) 



reduces to 



2ir 

a^ + l/^ = e-^^ 



(8) 



If we give to ^ a set of values differing by a constant amount we get a set 
of circles whose centres are at the origin and whose radii form a geometrical 
progression. They are the equipotential lines for a thin plane sheet of infinite 
extent where the potential function is kept equal to given different constant 
values on the circumferences of two given concentric circles or where we have 

a s(mrce as the origin; and for this 
- i system the lines (7) are lines of flow, 

and (3) is the complete solution. 

The figure gives the equipotential 
lines and'' lines of flow for either sys- 
tem, but only for positive values of y. 
The complete figure has the axis of X 
y-\ as an axis of symmetry. 








Chap. IV.] FLOW OF ELECTRICITY IN AN INFINITE PLANE. 73 

« 

EXAMPLES. 
l.» Solve the problem of Art. 44 for the case where 

/(a;) = — 1 if x<0 and f{x) = l if a>0. 

Ans,, F= — tan-^-. 
TT y 

2. . Solve the problem of Art. 44 for the case where 

f(x) = a if x<0 and f(x)=b if x>0. 

11 X 

Ans,, V=j: (a-\-b)-\ — (b — a) tan~^- . 

2 ^ TT^ ^ y 

3.» Reduce (7), (8), and (9) Art. 44 to the forms 






7ry.y*+(X-a!)«' 



V=-fymdX [^+(;,_,)«-^+(;, + ,)J ' 

respectively. 

46. An especially interesting case of Art. 44 is the following where 
f(x) = if x< — l, f(x) = l if -l<x<l, and f(x)=0 if x>l. 

Here F= - ftan-i ?^i^ + tan- ' ^-=^1 . (1) 

1 1 1 

Now - log [(1 — z)^ = - log 1(1 — X — yiyi] = - log [y+(l — x)^ 



= i^log[(l-.)^ + y^]+itan-i-^, 



and 



— - log [(— 1 — z)q = — - log [(— 1 — .r — j/i)i-] == — - log [?/ — (1 + x)i'] 

A^ /J , #1 »/ 

— log — ; = zr- log V-; — ' . ., + - tan-^ \- tan ^ . 

TT ^ — 1 — .^ 27r ^ (1 + ^') +!/ TT L // y J 



i 
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Hence 

- (tan-i — ^ + tan-^ 1 and — log ;, , (^ T '\ 

are conjugate functions;* and 

- (tan-i -^-± ?. + tan-^ i^^) = a (2) 

is any equipotential line, and 

any line of flow for the system described at the beginning of this article ; and 

is the solution of a new problem for which (3) represents any equipotential 
line and (2) any line of flow. 

* The function conjugate to 

1 ftan-i i^ + tan-i i^l 
IT L y y J 

might have been found as follows. If is the required function and ^ the given function we 
have by Int. Cal. Arts. 208, 209, and 210 the relations 

Dx4> = Dyf and By4> — — D^rf . 
"*"* ^>"l'=-l [(1 + x)-^+ y^ + (1 - x7^ + J 

and - D.r^ = - i [(1 + ^^, + j,, - (i_4-.+ J • 

If now we integrate D^f with respiect to x treating y as a constant and add an arbitrary 
function of y we shall have . So that 

=•- ~ I log [(1 + XY + y^] - log [(1 - X)2 + y2J I +/(y) . 






df(y) 
dy 



Comparing this with its equal ~ Dx^p above we find ^ = and f{y) = O a constant 

therefore r- log ;., . ^.* . ., 4- C , 

2t (1 + x)-^ + y^ 

where C may be taken at pleasure, is our required conjugate function. 
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(2) reduces to 



or 



2y 



tan ^^ 



a;2 + 7/2 — 1 

A 
x^ + (// — ctn airY = csc^aTr ; 



(5) 



and (3) to 






or 



or 



\^-r ^_ ^-^n) -ry —y^r,^ ^_b,y 



{x + ctnh ^tt)^ + y^ = csch^^TT. 



(6; 



(5) ajid (6) axe circles. The circles (5) have their centres in the axis of F, 
and pass through the points ( — 1 , 0) and (1 , 0) ; and the circles (6) have their 
centres in the axis of X. 

(4) is the complete solution, (6) is any equipotential line and (5) any line of 
flow for a plane sheet in which the points in the circumferences of two given 
circles whose centres are further apart than the sum of their radii are kept at 
different constiant potentials, or where a source and a sink of equal intensity 
are placed at the points ( — 1, 0) and (1, 0). An important practical ex- 
ample is where two wires connected with the poles of a battery are placed 
w^ith their free ends in contact with a thin plane sheet of conducting material. 
The figure shows the equipotential lines and lines of flow of either system. 

The complete figure would have the axis of Xfor an axis of symmetry. 




T^O 



^=00 r=i v^= 



r=o 



EXAMPLES. 



1. . Show that if f(x) = «i ^hen 05 < — b, f(x) = ag when — h<,x<,b , 
f(x) = % when x>h , 



F = 



ct\ + (H I 1 



-[(«2~^'l) 



tan~^ 4- (a.. — a^ tan" 

y 



y J 



/ 
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^= — ai tan""* - + («! — ^2) tan~^ — 1- (uo — a.) tan" 

ttL y ^ y 



2.. Show that if f{x) =0 if a? < 0, f(x) = ai if 0<x<bi, f(x) = aj if 
bi<,x<C bi, f(x) = a3 if ^2 "^ ^ "^ ^s ? &c., 

_j52 — X 

y 

3. . Show that if /(ar) = — 1 if aj < — 1, /(aj) = a; if — l<a;<l, 
/(^) = 1 if a^>l, 

K=ir(l+.)tan-i+^-(l--a.)tan-^-:i^ + |log^f=^ 

4.. Show that if /(x) = - 1 if ar<-l, /(«) = if — 1< a; < 1 , 
/(a;) = 1 if aj > 1 , 



ttL y y A 



Show that the equipotential lines are equilateral hyperbolas passing through 
the points (— 1, 0) and (1, 0), and that the lines of flow are Cassinian ovals 
having ( — 1, 0) and (1, 0) as foci. The lines of flow are equipotential lines 
and the equipotential lines are lines of flow for the case where the points 
(— 1, 0) and (1, 0) are kept at the same infinite potential, or where very. small 
ovals surrounding these points are kept at the same finite potential. The case 
is approximately that of a pair of wires connected with the same pole of a 
battery whose other pole is grounded, and then placed with their ends in con- 
tact with a thin plane conducting sheet. 

5. Show that if /(a;)=0 if a; <0, /(a;) = — 1 if 0<'.r<a, /(x) = 
if a<.x<ib, and f(x) = 1 if a* >• ^, 

1 \^ IT a '~~ Tt I) ~"~" X a? I 

r=- — — tan~^ ^— -tan-^ tan"^- . 

•^L2 y y yJ 

The conjugate function 



27r ^l(a-xy + f]l(b-xy+,/^ 

is the solution for the case where a sink and two sources of equal intensity lie 
on the axis of X, the sink at the origin and the sources at the distances a and 
b to the right of the origin. One of the lines of flow is easily seen to be the 
circle x^-\' i/^ = ab. 

47. If the plane conducting sheet has two straight edges at riglit angles 
with each other and one is kept at potential zero while the value of tlae poten- 



Chap. IV.] EXAMPLES. 77 

tial function is given at each point of the second, that is if F'= when 
x^^O and V=f(x) when 2^ = 0, the sohition is readily obtained. It is 

V= - Cda Ce-''yf{\) sin ax sin a\,d\ . (1) 



V. (9) Art. 44. 
This reduces to 



V. Ex. 3 Alt. 45. 

EXAMPLES. 
1.^ If F=0 when y = and V=^F{y) when aj = show that 

V=- j daj e-*^ F(\) sin a2^ sin aX.6^X 





(2) 



00 



2., If F=/(a;) when y = and V=F{y) when a- = show that 
^"^ V L'^'^^^ G' + (A - xy ~ / + (X + x)M 

+ ^(^^ C + (X - y)^ ~ a;'+(X + y)VX^ • 
3.. If jP'(2/) = ^ the result of Ex-. 2 reduces to 



TT 



''°-' i + ;//w* [/+#3ir. - Fw^'] ■ 



4.,.If F{y)^l for 0<y<l and F{y)=0 for .y> 1 while f{x) = l 
for 0<a;<l and /(ic) = for aj>l 

F= -ftan-i ?^^ - tan-^ ?-i^ + 2 tan-^ ^ 
ttL 7/ y a: 

+ tan-i ?^^^ - tan-i ^^^ + 2 tan-^ -1 • , 

X X yj I 
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5*.- If one edge of the conducting sheet treated in Art. 47 is insulated, so that 
D^V=0 if a? = Q and V=f(x) when y = 

2 * "■ 



V=- Cda Ce-^'^yfiX) cos aareos oXJX 



= -J f{\)d\\_^ _^ ^^ _^ ^^, + _^___^ J . 

48. If the conducting sheet is a long strip with parallel edges one of which 
is at potential zero while the value of the potential function is given at all 
points of the other, that is if F=0 when 2^ = and V=F(x) when 
f/=zb the problem is not a very difficult one. 

Since we are no longer concerned with the value of V when y = oo 
F'= e*y sin ax and V^= e"^ cos ax are available as particular solutions of the 
equation 

D^V+D^W=0 (1) 

as well as V= e~*^ sin ax and V^ e~"^ cos ax . 

f>ay _L. g— ay 

Consequently sin ax = cosh ay sin ax [Int. Cal. Art. 43 (2)] 

f>a.v — p-a.y 

and r sin ax = sinh ay sin aa; [Int. Cal. Art. 43 (1)] 

ml 

and cosh ay cos aaj and sinh ay cos ax 

are now available values of Fand can be used precisely as e~*«'cos ax and 
Q-^v sin ax are used in Art. 44. 

Following the same course as in Art. 44 we get 



00 00 



^= IM"^ ^(^) «- «(^-*)'^^ (2) 



— o& 



as a solution of (1) which will reduce to V=F(x) when y = b 

1 — 1 
and to F= when y = 0, since sinh = — - — = , 

and (2) is therefore our required solution. 

If V is to be equal to zero when y = b and to f(x) when y = we have 
only to replace yhy b — y and F(x) by f(x) in (2). We get 



00 X 



^=ir''-/'^=S^;?^'AX)c»sa(*-.).a. (3) 



n _ 



00 
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If V^f(x) when y = and V=-F(x) when 3/ = ^'* then 



n -'00 



W 00 



sinh ay 



+^/<*"/ie'w-''(^-.-)*- 



This can be considerably simplified by the aid of the formula 

» . , sm^ — 

/sinh/?aj , TT a 

. , cos rx,(ix = TT- 



^ sinho^a; 2q pir . . r*rr 
"^ "^ cos h cosh — 

if jf<.q^. [Bierens de Haan, Tables of Def. Int. (7) 265] and becomes 



^=2T»i<»-»)//w-^gH5 



+I'»?A« 



COS 1 + cosh — (X — a;) 
d\ 



or 



-00 COS -r^ + cosh T (A. — x) 

^ 



r=isin!^/rT ^<^^) + m X,. (5> 



-00 



cosh T- (A. -— a?) — cos ^ cosh j (X — ic) + cos -r^ 



EXAMPLES. 



!.• Given the formula 



— — — - = tan-^ ( \/rn — ^^^^ o I if 6 > a , 

a + 6 cosh X y^2_l^ \ \ ^ -|^ ^ 2/ ' 

show that if V=l when y = and V=0 when 2/ = ^ ^^^r(^ — ?/)• 

2.. Show that if, V=0 when y=/>, r= — 1 when y = and 
X < , and F= 1 when y = and cc > 

^ _tanh -:rr. 

F=-tan-i 



r— ^1 

L . TT// J 



TT L , Try 



The solution for the conjugate system, that is, for a strip having a source at- 
(0, 0) and an infinitely distant sink is 



F=-ilog[cosl,.|f-e„i.H]. 
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3.. Show that if ' F= — 1 when p = and x<iO, V= 1 when y = 
and a? > , F= — 1 when ]/ = b and x<,0 , and F= 1 when 
y = b and a? > , 

F= I tan-' (tan J (b - y) tanh g) + - tan"' (tan | y tanh g) 
=— tan~^ 



L . Try J 



TT L. . TT?/ 

Sin 7/ 

The solution for the conjugate system, that is, for a strip having a source and a 
sink at the points (0, 0) and (0, h) is 

, TTX , Try 
. i-cosh -^ + cos -^ 
1^10 



TT L , irx Try J 



cosh -; COS -7- 





^ 4. If V=0 when x = 0, V=f(x) when i/ = and x>0, and F=0 
when 2/ = ^ ai^d. x > , 



00 OD 



F= - r^a rsinha(^-j^) j-^^g ^^^ _ ^.>^ _ ^^g ^^.^^ ^ aj)]/(X)rfA 

ttJ ^ sinh a^ 



= 1 sin 7 f r i ^ ^ i 1 fo^yx 

2b />rr L , TT,^ . Try u'^/v I X Try K^ ^ 

" cosh v(A. — ir) — cos —r- cosh — (X + ir) — cos -r- -■ 
6^ t» ^ (1 

for positive values of x and for values of y betweeen and h . 

5. If Fi = when ir = 0, Vi = F(x) when y =b and .t>0, and 
Fi = when y = and a;>0 

Fi = i- sin :^ r r I I "|i^(X)^X 

" cosh T (^—"x) + cos "T- cosh T (^ + ^) + cos -f^ 
^ b ^ b 

for positive values of x and values of y between and h, 

6. If F2==0 when ic = 0, F2 =/(a3) when 2^ = and ar > 0, and 
Fa = i^(x) when y=^b and a? > 

Fo=:F+Fi for .x>0 and <//</>. (v. Exs. 4 and 5) 

7. If one edge of the strip described in Art. 48 is insulated so that we have 
F=/(a5) when ^^ = and Z>yF=0 when .v = ^ show that 



00 oc 



''=^/'^/=^^^^^'^^) -"(*-")■*• 



_ 



oc 
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By the aid of the formula 

00 , cosh — cos —• 

/coshj9x TT 2q 2q -P ^^o„ 

— T-^-— cos rx.dx = II P^^^y 

cosh Qx a pir , , nr 
cos^- f-cosh — 

q q 

[Bierens de Haan, Def. Int. Tables (6) 265] , 
reduce this to 

1 iryr /W^^«^£(^-^) 
F=7sin^r — — d\^ 

_^ cosh y (A — aj) — cos -y- 

8. If V=0 when y = or b and x<i — a, V=l when 2^ = or b 
and —a<.x<!.ay and F=0 when 2/ = ^ or ^ and x'> a 

sinh^^^^> si^!!l^) 

r= - I tan-^ h tan-i — | • 

TT L . try . TT?/ J 

sm ^ sm -— • 

b b 

9. If F=0 when y = or 6 and a? < — a, F= 1 when y = and 
— a<ic<Ca, 1^=0 when y = or ^ and ic>a, and F== — 1 when 
y^-h and — a < aj <C a 



F 



= i ftan-^ ^— + tan-i ^— 1 

TT L . •W-?/ . TT?/ J 



tan —^ tan ^^ 



10. A system conjugate to that of Ex. 9 is F=4-^ when y = or b 
and a; = — a, F= — oo when y = or ^ and .r = r/ . In this case 

sin^^ + sinh^^^^^ 

F=^log ^ ^— . 

sin^ -7- + smh^ ^ , 

b b 

49. Let us take now a problem in the flow of heat. Suppose we have an 
infinite solid in which heat flows only in one direction, and that at the start the 
temperature of each point of the solid is given. Let it be required to find the 
temperature of any point of the solid at the end of the time t. 

Here we have to solve the equation 

D,u = aW^u (1) 

[v. Art. 1 (11)] subject to the condition 

u = f(x) when t = 0\ (2) 
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% • 

As the equation (1) is linear with constant coefficients we can get a particu- 
lar solution by the device used in Arts. 7 and 8. 
Let iA = e^'+"* and substitute in (1). We get 

as the only relation which need hold between fi and a. 

Hence w = e«^ + «*«*' = 6«*«*' e"^ (3) 

is a solution of (1) no matter what value is given to a. 
To get a trigonometric form replace a by ai. 

Then u = e-^'^* e*^. 

If in (3) we replace a by — ai we get 

As in Arts. 7 and 8 we get from these values 

u = e""***' sin ax and u = e-«*»" cos oaj 

as particular solutions of (1), a being wholly unrestricted. 

From these values we wish to build up a value of u which shall reduce to 
f(x) when ^ = and shall still be a solution of (1). 



00 00 



We have 



f(x) = 1 Cda Cf(X) cos a(\ — x),dk (4) 



—00 



V. Art. 32 (3), and by proceeding as in Art. 44 we get 

00 OD 

: i Cda r6-«'«*'/(A) cos a(X — x),d\ (5) 



u 



as our required value of u. 

This can be considerably simplified. 
Changing the order of integration 

00 00 



= 1 Cf(X)dk fe-"'**' cos a(\ — x),da . (6) 



u 



-00 

00 



r^-a^t COS a(k — xyda = A Jl . e' ^^t^ (7) 



by the formula 

00 r— 

fe-"*^ cos bx,dx = —^ e-B . [Int. Cal. Art. 94 (2)] 



Hence u 



00 

' — 00 
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Let now B = p > 

then X. = x + 2a\ft.p 

9D 

and ^« = 7= f/C^ + 2aV^.)8)«- ^ dfi . (9) 



— » 



EXAMPLES. 



1. Let the solid be of infinite extent and let the temperature be equal to a 
constant c at the time ^ = . 



00 



Then u = -J=J^~^dP = ^ r^~^'^^ = 



2c 

c. 



V. Int. Cal. Art. 92 (2). 
2. Let u=:x when ^ = 0. 



Then t« = -p (^(aj + 2a)/i.p)e-^dfi = x. 

" — 00 



3. Let u = x^ when ^ = . \ 
Then u==x^ + 2aH, 

4. Let ic = if x<C — b, u=^l if — b<,x<ib, and t* = if x> b , 
when ^ = 0. 

Then 

& — X 

.,— 1 r ««^o 2 r 6 b'^ + Zbx^ , ft6+10^>'a;2 + 5&c^ "1 

Vw-J "^ V^L2aV^ pi^asltf o.2\(2a\fty J 

_b+_x * 

5. Let t^ = if X < and u = l if a; >• when ^ = . 
Then 

X X 



ao *oVf 00 zavt 



X 



__i j^r_^ x^ x^ x^ "1 

""2 V^L2av'^ 3,{2a\Jiy 5.2\(2a)/iy 7.3l(2a)/iy J* 

6. An iron slab 10 c. m. thick is placed between and in contact with two 
very thick iron slabs. The initial temperature of the middle slab is 100°, and 
of each of the outer slabs 0°. Eequired the temperature of a point in the 
middle of tbe inner slab fifteen minutes after the slabs have been put together. 
Given a^ = 0.1S5 in C.G.S. units. Ans,, 2V,6, 
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7. Two very thick iron slabs one of which is at the temperature 0° and the 
other at the temperature 100° throughout are placed together face to face. 
Find the temperature of each slab 10 c. m. from their common face fifteen 
minutes after they have been placed together. Ans., 70°. 8, 29°. 2. 

8. Find a particular solution of DtU=ia^D^u on the assumption that it 
is of the form u= T,X where T is a function of t alone and X is a function 
of X alone. 

50. If our solid has one plane face which is kept at the constant tem- 
perature zero, and we start with any given distribution of heat, the problem is 
somewhat modified. 

Take the origin of coordinates in the plane face. Then we have as before 

the equation 

D,u = aWlu, (1) 

but our conditions are 

u = when x = (2) 

u=f(x) " ^ = (3) 

and we are concerned only with positive values of x. 
We may then use the form (4) Art. 32 



00 



f(x) = — I da I f(\) sin clx sin aX.,d\ , (4) 



and proceeding as in the last section we get 

u = — ( (la I e~"***'/(A) sin ax sin aK,d\ (5) 



as our required solution. This may be reduced considerably. 

= - Cf(\)dk Ce-"''-'' [cos a(\ — x) — cos a(A + x)]da, 



u 



or ?^ = _J^ — \f(\){e--i^ — e--i^^)d\ (6) 

2aV^:r 

by (7) Art. 49, and this may be reduced to the form 



OD 



X X 



EXAMPLES. 
1. Let the initial temperature be constant and equal to c. 
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Then 



^ r i 

u 



=u.S'-'''^-f'""'^^ 



X 



2a>/« 2aVt 



x_ 



=tJ^''' 



2c r X X 



•8 /ytu "y 



+ _" ,-, - _..: ,-,. + 



■]• 



V^L2av/^ 3.(2aV^)8 5.2!(2av'^)* 7.3!(2aV^)7 

"^ 2. Assuming that the earth was originally at the temperature 7000° Fahren- 
heit throughout, and that the surface was kept at the constant temperature 0°, 
find (1) the temperature 10 miles below the surface 10,000,000 years after the 
cooling began; (2) the temperature 1 mile below the surface at the same 
epoch; (3) the temperature 10 miles below the surface 100,000,000 years after 
the cooling began; (4) the temperature 1 mile below the surface at the same 
epoch; (5) the rate at which the temperature was increasing with the distance 
from the surface at each point at each epoch. 

Neglect the convexity of the earth's surface and take Sir Wm. Thomson's 
value of a^ (400) the foot, the Fahrenheit degree, and the year being taken as 
units. (Thomson and Tait's Nat. Phil. Vol. II. Appendix.) 

Am,, (1) 3114°; (2) 332°.5 (3) 1036°; (4) 103°; (5) 1° for every 20 feet, 3° 
for every 50 feet, 1° for every 50 feet, 1° for every 50 feet. 

3. Let the initial temperature be constant and equal to — h , then by Ex. 1 



2av'« 

2b 
u 






4. Let the temperature of the plane face be b instead of zero, and let the 
initial temperature be zero. 

Then we have only to add b to the second member of the solution in Ex. 3, 
as we may since u = b is a solution of (1) Art. 49, and we get 



='i'-hf"''^)- 



/%» >._^ #k ■ I _ ■ A—- D" ..^ f-# ■ . C ^^ 



■;.. j' 7 ^^ 







5. Let u = b when x = and u=f(x) when ^ = 0. 
Then 



X 



2„y/t (K - x) ^ ■ (A + .T)» 

00 — 



by (6) Art. 50. 
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6. Let u = b when a; = and u=.e when f = . 

X 

Then u=zh-^ (r — b)-^ Ce-^dfi, 

7. If the earth has been cooling for 200,000,000 years from a uniform tem- 
perature, prove that the rate of cooling is greatest at a depth of about 76 
miles, and that at a depth of about 130 miles the rate of cooling has reached 
its maximum value for all time. Let a^ = 400. 

8. Show that if the plane face of the solid considered in Art. 50 instead of 
being kept at temperature zero is impervious to heat 

u = -^^\f(\)(e *^' +e ^'' )d\. V. (6) Art. e50. 

2WV 

61. If the temperature of the plane face of the solid described in Art. 50 
is a given function of the time and the initial temperature is zero, the solution 
of the problem can be obtained by a very ingenious method due to Riemann. 

Here we have to solve the equation 

D,u = a^D^u (1) 



subject to the conditions 



n=^F(t) when x = ^ 
u = « ^ = 0.) 



(2) 



We know that 



2 



is a solution of (1), v. Ex. 1 Art. 50. It is easily shown that 



Say^t — c 

2 
n = 



= ^J.-.^, (3) 



where c is any constant, is a solution of (1). 
For 

_ aa 
^21 4aJ(<-c) 

Vtt 2aSt — c 

at* '— - a* 

f^o 2 1 2a? "717: ^ ^ /-t \ ^ '"4ai(« — c) 

n/tt 2a\/t — c 4a^(^ - c) 2a Vtt 

and D,u = a^D^u. 
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Let <t>(x, t) be a function of x and i which shall be equal to zexo if t is 
negative and shall be equal to 

X 



if ^ is equal to or greater than zero; so that if ic = <l>(x,t) = l and if 
f = <l>(x,t)=0. 

We shall now attack the following problem, tb solve equation (1) subject to 
the conditions 

u = if ^ = 

u = F(0) " x = and 0<t<r 

u=^F{kr)'' ic = « kr<t<{k-\-l)r, 

where k is any whole number and t is any arbitrarily chosen interval of time. 
If we form the value 

u = F(kr)l4^(x, t—kr) — 4>(x, t — (k + l)r)] (4> 

u will satisfy equation (1) since zero, unity and 



2aV« — *T 

2 r 

VTrJ 

' 

are values of u which satisfy (1). tt will be zero if t<ikT by the definition 
of the function <l>(x, t)-, if a; = i* = if ^ > (A; + 1)t and u = F(kT) it 
kT<t<(k + l)T. . 
Therefore 

u=^ F{kr)[KJ>(x, t — kr)— <l>(x, t — (k + 1)t)] (/)) 

k=0 

is the solution of the problem stated above. 

(5) can be simplified somewhat from the consideration that for a given value 
of t <t>(x, t — kr) =0 if A;t > ^. If, then, nr is the greatest whole multiple 
of T not exceeding t, 

k= n 

u=^ F{kr )l4>{x,t — kr) — <^(ir, t—{k + l)r)] . (6) 

ifc=0 

If now we decrease r indefinitely the limiting form of (6) will be the solu- 
tion of the problem stated at the beginning of this article. 

(6) may be written 
u = XFjkr) ["^^^'^ - ^^^ - "^f '^ - ^^ + '>^>]r (7) 



it;=0 



y 
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and if t is indefinitely decreased the limiting form of (7) is 

t 
w = — C F(\)Dj,4>(x,t — \)d\ . (8) 

u 

Since t — X is positive between the limits of integration 

X 

2 



4>{x,t - A) = 1 ~ -^ Ce-^dfi, 





a* 



X 



and ■ A«^(a?,< - X) =- - -^ e ■^'-^>(<-\) 2; 

ZaVTT 



and (8) may be written 

u^^^FQOe *-^'-'\t-X)-\dK, (9) 



or if we let P 





X. 



2aslt — k 

2 r „.^/ 0!^ 

N/1 



^^v^/^'^^^O-iS^^)'^- (''^ 



a; 



EXAMPLES. 
1. If u = nt when ic = and i«^0 when ^ = 

X 



'-{'*S)\}-rJ-'^yi 



2ov^< — ■ r ^ 

nx\t -^ 



TT 



2. A thick iron slab is at the temperature zero throughout, one of its plane 
faces is then kept at the temperature 100° Centigrade for 5 minutes, then at 
the temperature zero for the next 5 minutes, then at the temperature 100° for 
the next 5 minutes, and then at the temperature zero. Required the tem- 
perature of a point in the slab 5 cm. from the face at the expiration of 18 
minutes. Given; a=^ = .185. Ans., 20^.1. 

3. If u = F(t) when x = and u =f(x) when ?^ = , then 



= u^'K' - ^y" + ^S<^"^ - -'^ wx)* . 



2aVt 

V. (6) Art. 50. 
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4. If in Art. (51) F(t) is a periodic function of the time of period T it can 
be expressed by a Fourier's series of the form 

1 w-\ 27r 

F(t) = ^ ^0 + 2i [^»» ®^^ ^^^ "I" ^m, COS ma^] , where a = — , 

m = l 



m = 00 



1 _-s 

or F(t) = 2 *o + 2/ P"» ®^^ (^''^^ + ^^) ' 

m— 1 

where p^ cos X^ = a„j and p^ sin X„ = 6,„ . v. Art. 31 Ex. 3. 

Show that with this value oi F(t) (10) Art 51 becomes 

00 m = » 00 

^ = 7^ Kje-^dp + — 2^ p^ [^sin (maiJ + Xjje'^' cos j^, c^^ 

x_ m = 1 X 



00 



- COS (mat + XJ Je-C'sin ^ d^ 



and that as t increases u approaches the value 

m=oo 

1> . 
U 

m= 1 



Given that 

I e-^ sm — dx^=-Tr- e r sm — r- 5 I e-^ cos -„ dx = — - e — r cos — — • 
«/ ic-* 2 2 J x^ 2 2 



V. Jtiernanriy Lin. par. dif. gl. § 54. 

5. If we are dealing with a bar of small cross-section where the heat not 
only flows along the bar but at the same time escapes at the surface of the 
bar into air at the temperature zero we have to solve the differential 
equatioif 

D^u = a^D^u — JP-u . V. Fourier, Heat § 105. 

Show that for this case 

n = er (*' + «"*">' sin ax and u = er (^' + «'*=>' cos ax 

are particular solutions, and that if u =f(x) when ^ = 

x> 00 

p — 62« /, (A — a^)2 p—hit ^ ■ f. 



•00 — oe 



of. (8) and (9) Art. 49. 



90 SOLUTION OF PEOBI^aiS IN PHYSICS. [Art. 51. 

If u:=0 when aj = and u =/(«) when ^ = 



00 00 



cf. (7) Art. 50. " 

hx 

If ii = — e~"7 when ^ = and u = when x = 0' 



00 00 

bx 



n = j= r««J'e-(^^'+^>*(^^ ~ e-TJ'e-(^^'+^)V^"] 



v^ 



tov'? aav't 



and if w = 1 when a; = and ti = when ^ = we have only to add 
e~ n to the second member of the last equation, since u^e~~^ satisfies the 
equation 

If u = F(t) when a; = and « = when ^ = we can employ the 
method of Art. 51. 

00 00 

X X 

- 2>,^(a;, < - X) = fc^"%-6^.-x)-^^, ; 

2aV7r 

and u = — ^ r(?J — A)"2e-'^('-A)-i^^^ i^(X)6?A , 

2a\'7rJ 

cf. (9) Art. 51, 



X 



or ?f 






cf. (10) Art. 51. 

If i^(^) is periodic and has the value taken in Ex. 4, show that the value 
approached by w as ^ increases is 



m = 00 f — 

7/, = -Z>oe-a + 2^p^e- 2« ^ sin/ma^ — — ^'^ A^j , 
where ' p = (b^ + ^Jb'^ + m^a')^ and <? = (— 6^ _^ V/7+^J^* • 
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Given I e-^^-^dx = ^ ^'-2« 



/• 



00 



•> 

«2 . ^2 y/, 



^""^'"ii^ sin — c?ic = -J-- e~ ^ sin 2c? 



oe 



^»' , V^ 



i!r-^~^. COS — G^a? = -—- «~2*' cos 2rf , 



where 



V^. , , ./^r-rrr.A __ . , v/2 



c = ^ («2 -f v'a* + 6*)^ and d = -^ (— «^ + Vff* + 11^)^ ■ 

Angstrom's niethod of determining the conductivity of a metal is based on 
the result just given (v. Phil. Mag. Feb. 1863), and is described by Sir Wm. 
Thomson (Encyc. Brit. Article " Heat '') as by far the best that has yet been 
devised. 

52. If u is a periodic function of the time when a: = as in Art. 51 Ex. 4 
and we are concerned with the limiting value approached by w as ^ increases 
we can avoid evaluating a complicated definite integral if we take the following 
course. 

Since as we have seen in Art. 49 ?« = e^*+** is a solution of 

D,u = a^D^u (1) 

provided only that I3 = a^a^ we have 

as a solution. 

Eeplacing )8 by ± pi this becomes 

2 

)Ji = ±^\/2 (1 + i) 

and >f^^ = ±l/f^(l—^). 

Hence 



or uz^e-P^'^^l^ 



since 



are particular solutions of (1). 



u 



u 
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From these we get readily 

It =p^e-a''-J sin [mat ^ "V-y + ^»» j (^) 

as a solution. (4) reduces to 

uz= p^ sin (mat + A.^) when a? = 

and to ic = p„j 6~« ^T^ sin (k^ \/ — ) ^^^^ ^ = . 

If we add a term which satisfies (1) and which is equal to zero when x = 

and to — p»i«~a 2 sin ( \„j \~o~) ^^^^ t = (v. Art. 50) we shall 

have a solution of (1) which is zero when t = and which is 

Oj^ sin (mat + A^) when x = 0. 

The term in question approaches zero as t increases [v. (7) Art. 50] and we 
have at once the solution given in Art. 51 Ex. 4, as our required result. 

EXAMPLE. 

Show that ut=ze^^'^'^ is a solution of DtU = aW^it — b^u if p=:aW — 6*^, 
and hence that 



u 



u 



= e' av/2 sin (pt ± -^ ) 9 and u = e"^ ^v/g ^^s ll3t± -A= ) > 

where 

7> = \yp-' + b^ + b^]i: and q = [y^^+T^ -- b''-]i , ' 

are solutions. Hence 

_px . / ^ (/x , ^ \ 

is a solution. 

If ^ 1= ma this last result reduces to tc = n,» sin (/^la^ + A,J when x = 
and by the reasoning of Art. 52 it must be the value it approaches as t increases 
if we have the same conditions as in the last part of Art. 51 Ex. 5. 

58. The whole problem of the flow of heat is treated by Sir William Thom- 
son (v. Math, and Phys. Papers, Vol. II); and other recent writers from a dif- 
ferent and decidedly interesting point of view, which we shall briefly sketch 
in connection with the problem of Linear Flow. 

Suppose we are dealing with a bar having a small cross-section and an adia- 
thermanous surface, and take as our unit of heat the amount required to raise by 
a unit the temperature of a unit of length of the bar. If at a point of the bar a 
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quantity Q of heat is suddenly generated the point is called an instantaneoics 
heat source of strength Q. 

If the heat instead of being suddenly generated is generated gradually and 
at a rate that would give Q units of heat per. unit of time the point is called a 
permanent heat source of strength Q. 

The temperature at any point of the bar at any time due to an instantaneous 
source of strength Q at the point x = \ is easily found by the aid of formula 
(8) Art. 49 as follows: — 

If a quantity of heat Q is suddenly generated along the portion of the bar 
from* x = \ to ir = X + ^A, where AA is any arbitrary length, the tem- 

Q 
perature of that portion will be suddenly raised to -^ , and we shall have by 

(8) Art. 49 

A + AA 

2u\'7rt ^V . 

A 

as the temperature of any point of the bar at any time t thereafter. 

If now we write u equal to the limiting value approached by the second 
member of (1) as AA is made to approach zero we get 

Q (A - x)8 

as the solution for the case where we have an instantaneous source at the 
point ic = A. . 

Q 



It is to be observed that in (2) ^^ = when ^ = a,nd 



n 



2asiirt 
when 05 = A. and f>0. 

If we have several sources we have only to add the temperatures due to the 
separate sources. 

Formula (8) Art. 49 may now be regarded as the solution for the case where 
we start with an instantaneous heat source of strength f(\)dk in every 
element of length of the bar. 

A source of strength — ^ is called a sink of strength Q; and (6) Art. 50 
may be regarded as the solution for the case where we have at the start an 
instantaneous source of strength f(\)d\ in every element of the bar whose dis- 
tance to the right of the origin is k , and an instantaneous sink of strength 
f(\)d\ in every element of the bar whose distance to the left of the origin is A.. 

If we have an instantaneous source at the origin (2) reduces to 

2a\^Trt 
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For a permanent source of constant strength Q at the origin (3) gives 

t 

n = -— p Ce- i^i^) {t — T)-i dr (4> 

ZayirJ 



and for a permanent source of variable strength f(£) 



u 



t 

= ;rV r^"^^^) (^ - r)-^Ar)dT . (5> 

ZayirJ 



In (4) and (5) i^ obviously reduces to zero when ^ = and x > , but its 
vUlue when a; = is not easily determined. We can avoid the difficulty by 
introducing the conception of a. dovblet 

54. If a source and a sink of equal strength Q are made to approach each 
other while Q multiplied by their distance apart is kept equal to a constant P 
the limiting state of things is said to be due to a doublet of strength P whose 
axis is tangent to the line of approach and points from sink to source. A 
doublet of strength — P differs from a doublet of strength P only in that its 
axis has the opposite direction. 

Let us find the temperature due to an instantaneous doublet of strength P 
placed at the origin. For a source of strength ^ at x=^ri and an equal sink 
at 03 = — t; we have 



u 



2ns[iri 



(^ \aU — 6 \aU ) J 



or if 2riQ = P, 



. P (T,»-f-a:g) yfr _ y^ 

U — - T=: e iait (eicfit — ^ 2a*t) 

AarjjyTrt 



P _(3i±ii) . , -nX 

= T= e ia^t sinh e-^ . 

2arf>/7rt ^^H 

If t] is made to approach zero 



limit - sinh — — ' — — 



2aH\ 2aH 



A PX ^ ^.. 

and u = —= er -^^t (1) 

is the solution for the temperature at any time and place due to an instantane- 
ous doublet of strength P placed at the origin. For a doublet at any other 
point x=^\ we have 

X ~~~ A \x — ^^ /o\ 
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For a permanent doublet of constant strength P placed at the origin we 

have 

t 

Px /* afl 3 

«=^^r^J«"i^krr7)(<-Tr*rfT; (3) 



and for a permanent doublet of variable strength f(t) 

« = ^;^/*'^^) (^ ~ •■•)'*/(r)rfT , (4) 





00 



or u 



=«-^/""'-i;'-4^)* <'> 



X 



if a;>0, and 



— oe 



" = «-^/^~M^-i$»>^ («> 



X 

2aSrt 
X 

if a; < 0, if we let B = , • . 

From (5) and (6) we see readily that w = when ^ = and that 
n = 7p-^ when x = if we approach the origin from the right and that 

u = — *^^ when x = if we approach the origin from the left. 

If the point x = is kept at the constant temperature h and we are con- 
cerned only with positive values of x we can get from (5) the solution given in 
Art. 50 Ex. 4 by supposing a permanent doublet of strength 2a^b placed at , 
the origini 

To solve the problem treated in Art. 51 we have only to suppose a permanent 
doublet of strength 2a^F(t) placed at x = and from (5) we get at once 
(10) Art 51. 

EXAMPLE. 

Show that if D^ w = a^D^u — h^u and an instantaneous source of strength 
Q is placed at a; = A 

u = — ^ e-^'--^^^ V. Art. 51, Ex. 5. 

Show that if an instantaneous doublet of strength P is placed at the point 
a; = 

_ Px _jj^__^ 

u — - . — e icfit ' 
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If a permanent doublet of strength f(t) is placed at a; = 



= ^^S^~'^'~ '' ' ^^<^' ^* ~ ^)" *-^<'">'^'" 



u 



=^iS^'-^f(!-^y' 



■jr 



whence w = when / = and a;>0 or x<iO and w = ±'^^ when 

2a. 

« = 0. 

Hence if we place at cc = a permanent doublet of strength 2a^F(t) we 
get the solution given in Art. 51 Ex. 5 for the case where n = F(t) when 
aj = and t^ = when ^ = provided we are concerned only with positive 
values of a? . 

If F{t) = c this reduces to 

X 

55. As another example of the use of Fourier's Integral we shall consider 
the transmission of a disturbance along a stretched elastic string. 

Suppose we have a stretched elastic string so long that we need not consider 
what happens at its ends, that is so long that we may treat its length as 
infinite. Let the string be initially distorted into some given form and then 
released ; to investigate its subsequent motion. 

Let us take the position of equilibrium of the string as the axis of X and 
any given point as origin. 

We have, then, to solve the differential equation 

Dfi/ = a'D^y (1) 

[v. (viii) Art. 1] subject to the conditions 

y =f(x) when t = (2) 

D,y = ^< t = 0. (3) 

As in Art. 8 we find 

y =1 cos a(x ± at) and y = sin a(x ± at) 

as particular solutions of (1). 

From these we must build up a value that will reduce to 

f(x) = - Cda Cf(X) cos a(X — x).d\ (4) 

—00 
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when ^ = and will at the same time satisfy (3). 

y = cos a\ cos a(x-{- at) + sin a\ sin a(x + cut) 
or 2/ = cos a(\ — x — at) 

is a solution of (1). 

Hence y^— \ dai /(A) cos a(\ — aj — at),d\ (5) 

-ae 

is also a solution of (1). 

(5) reduces to y =/(«) when ^ = but it gives 



09 



D^y = — ( da ( /(A) sin a(\ — x).d\ 



—00 



when ^ = and consequently does not satisfy equation (3). 

If in forming (5) we use cos a(x — at) and sin a(x — at) instead of 
cos a(x + cLt) and sin a(x + at) we get 



00 00 



y = — i da I f(k) COS a(\ — x-\-at),dX (6) 

which is a solution of (1), and reduces to y =/(«) when t = , but it gives 

00 QD 

D^y = i da I f(k) sin a(A — x).d\ 

'0-00 

when ^ = and does not satisfy (3). 

If, however, we take one-half the sum of the values of y in (5) and (6) we 
get 

00 00 

Irl 



y = ^ — i da j/(X) cos a(A r- x — at).d\ 



_ao 

00 00 



+ - r<^a ff(^) COS a(X — x + at^dx"] , (7) 

-00 

a solution of (1) which satisfies both (2) and (3), and is, therefore, our required 
solution^ 

This result can be very much simplified. 

If we substitute z = x-{- at 



00 oo 



— I da I /(X) cos a(\ — x — at),d\ 



—00 

oo oo 



= — i da J /(X) cos a(X — z).d\ =/(«) =/(aJ + at) ; 



_ 



00 
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and in like manner we can show that 



(X 00 



— I c?a I /(X) cos a(\ — x — at),d\ =f(x — at) . 

-00 

Hence, our solution becomes 

y=^[/(^ + «0+/(^~«0]. (8) 

This result is of great importance in the theory of elastic strings and it 
shows that the initial disturbance splits into two equal waves which run along 
the string, one to the right and the other to the left, with a uniform velocity a, 
and that there is nothing like a periodic motion or vibration of any sort unless 
the ends of the string produce some effect. 

56. If the string is not initially distorted but starts from its position of 
equilibrium with a given initial velocity impressed upon each point we have to 
solve the equation 

Dfy = a^D^y (1) 

subject to the conditions 

y = when ^ = ^) 

D,y = F(x)^< t = 0. (3) 

We get by the process used in Art. 65 



00 00 



y = ^JdafF(X) pin a(X--x + at) _ sin «(^ " « " <^} y^ 



-30 

00 OD 



= ^J-(X)^j[ «^"(^-^ + '^) - ^iriaf,-x-at) -j^ . 





00 oo 



but 



T sin aC\'^x + at) ^ Tsin a(A - x - at) ^j„ _ ^ 
J a Y a 



if x — at<,\<,x-{-at, and is equal to zero for all other values of X; since 



00 



/•sinm*^^ !:ifm>0 



= — E if m.<0 

= if m=0. 
V. Int. Cal. Art. 92 (3). 

1 

Hence 

x—at 

is our required solution. 
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• EXAMPLES. 

1. If the string is initially distorted tod starts with initial velocity so that 
y=if(x) and D^y = F(x) when ^ = 

X •{• at 
X — at 

2. If the initial disturbance is caused by a blow, as from the hammer in a 

piano, which impresses upon all the points in a portion of the string of length 

c^an equal transverse velocity b show that the front of the wave which will be 

seen to run to the left along the string will be a straight line having a slope 

h c I 

equal to — an^ q, lengtJti ^qiji^tl t® ^ V4a^ + ^* • Of course a wave having 

a front of the sanje length vith a s.lppe equal tg — — wiU b^ 9e^n tQ ruu tP 

the rigtt alpng ttie string, and the effect of the two waves will be to lift the 

he 
string bodily and permanently to a distance -^ above its original position. 

57. We shall now take up a few examples of the use of Fourier's Series. 
In the problem of Art. 7 let the temperature of the base of the plate be a 
given function of x, the other conditions remaining unchanged. 



mss 00 



Since, f(x) = 2)(^m sin mx) 



m=l 



ysrfeer^. a^ = - if (a) sin ma.da 





m= 00 



we^havg. ^ = — ^ ^~"*^ sin mx l f(a) sin ma.da I . (1) 



If the breadth of the plate is a instead of tt 

ni=0D a 

( 

U = 

a 

m = \ 



ni=0D a 

= -SL* a Sin —J /(X) sin — rfX J . (2) 



58. If the temperature of the base is unity and the breadth of the plate is 
TT the solution is, as we have seen in Art. 7, 

1^ = — er^ sin x-\--e~^ sin 3x -\--^^~^ sin 5a: + ' * ' • (1) 

This series can be summed without difficulty. We have the development 

« ^ 25* S* 

log(l + .) = j-2+^-4+--- 
if the modulus of z is less than 1. Int. Cal. Art. 221 (4). 
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z z^ * z* z^ 



Hence log (i -^) =- j-_ -_ - ^ - . . . 

if mod. « < 1 , 

and ^pog (1+;,) -log (1 -;.)]=? +1 + 1'+.. . (2) 

if mod. « < 1 . 
But 

log (1 + «) = log [1 + r(cos 4>-\-i sin <^)] 

= i log [(1 + r cos *)» + (r sin ,^)T + 1 ten-i j^^^ 

= ilog(l+2rcos* + r^ + itan-^^ii^, 
and 

log (1 -^) =ilog (l-2rcoa<^ + r^-aan-^ . /'Sin<^ 
^'^ ^2^ 1 — r cos if> 

[Int. Cal. Art. 33 (2)], 
and (2) becomes 

iri, l + 2rcos<^ + r^ . ., ,2rsin<^"l 
2L2^"g l-2rcos<^ + r^ + ^^^^ T^^J 

r(cos it>-\-i sin <^) , r*(cos 3<^ + i sin 3<^) , .^. 

= J r g h • . . (o) 

From (3) we get two equations 

1 , 1 + 2r cos <^ + r^ r cos <^ , r* cos 3<^ , r^ cos 5<^ , .,. 

4 ^^l-2/-cos<^ + /-2"""~T~'"' 3 ^ 5 ^ ^ ^ 

1 _j2rsin<^ r sin <^ , r^ sin 3<^ , r^ sin 5<^ , .^v 

2^^" l-r^ -"T~"^ 3 "^ 5 +*" ^^ 

both valid for all values of <^ provided r < 1 . 
e"^ is less than 1' if y is positive. 
Hence from (5) 

e" "^ sin X . e~^ sin 3ic , e~^ sin 5x , 1 ^ , 26"^ sin cr 

-^— + — 3— + —6 — + --- = 2*^° T=:i=^ 

1 ^ ■ 2 sinaj 1 ^ , sinx 
= - tan-^ ■— = ^ tan-^ . , j 

2 e*' — e ^ 2 sinh ?/ 



and (1) may be written 



2, _. smx .^v 

^ = ~-tan^ . , ' (p) 

IT smh y 
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If we replace r by 6""' and <^ by x in 

log [1 + r(cos <!>-{- 1 sin <^)] 

it becomes log [1 + ^"^ cos x + i e~^ sin a;] 

or log [1 + cos z-\-i sin «] 

V. Int. Cal. Art. 35 (3) and (4) 
a function of ;^ as a whole; and 

log [1 — r(cos 4>-\-i sin <^)] 

becomes log (1 — cos z — i sin z) ; 

hence by Int. Cal. J^rts. 209 and 210, 

1, l + 2€r^co8x + e-^ , 1^ ,26-«'sina; 

T ^^S i TT^zz i — zs and - tan-^ 5- 

4 ® 1 — 2e •'cosaj + e ^ 2 l — e"^ 

1 , cosh ?/ + cos X , 1 ^ , sin x 

or Tlog — 7-^ and ~tan~^ . , 

4 cosh y — cos x 2 sinh y 

are conjngate functions, and 

1 , cosh y + cos X .rT\ 

• t«i = -log — T-^-^ (7) 

TT cosh y — cos X 

is the solution for the problem where the isothermal lines are the lines of flow 
of the present problem and the lines of flow are the isothermal lines of the 
present problem. 
For our problem, then, the isothermal lines are given by the equation 

2 , , sin X 

— tan"^ -r-z — = a 

TT smh y 

sin 05 ^ air .o\ 

or . , = tan -p- (o; 

sinh y 2 

and the lines of flow by ' 

1 , cosh y + cos X 

- log r-^-^ = b, 

TT cosh y — cos X 

cosh y + cos X , .^x 

or — r-^— ^ = e'6 . (9) 

cosh y — cos X ^ 

EXAMPLES. 

1. If D^u -{- D^u = y and u = l when y = 0, and u=^0 when 
x = and when x = a , 

4 n nu . irX , 1 Sir;/ . StT^J ,1 5iry . 57r.r "I 

w = - e- a sm h o ^ ^ sm h ^ e" « sm 

ttL a o a o a J 

. TTX 

— tan^ 



TT . 1 Try 

sinh-^ 



a 
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2. If u = <l>(x) when y = 0, u=f(y) when a; = 0, and u = F(7/) 
when a; = a 

2 -c-A Miry . mTHB* /• . .. X . TW-TTX 



J ^r-\ mag . mTHB* r , ,^\ ' ^TTA ,^ 

= - 2^^" a sm I <^(A) sin oa 



m=l 



+ ^ «- ? rr ^ ' — ;^ — ^ ^ ^ j /(XMx 

cosh — (A — y) — cos — cosh — (\-ry) — cos — -' 

+ 1 sin ^ rr 1 \ ^F(x)dx . 

^cosh - (\ — y) + cos — cosh — (A + y) + cos — 

V. Art. 48, Exs. 4, 5, and 6. 

59. If three sides of a plane rectangular sheet of conducting material be 
kept at potential zero and the value of the potential function at every point of 
the fourth side be given; to find the value of this potential function at any 
point of the sheet. 

To formulate: — 

BIV^-B^V^^, (1) 

F=0 when x = 0. (2) 

F=0 « x^a. (3) 

F=0 « y^h, (4) 

F=/(x) " 2/ = 0. (5) 
Working as in Art. 48 we get 

sinh (h — y) 

a ^ . mirx 

-. sin 

. - TTiTro a 

sinh 

a 

as a value of F which satisfies equations (1), (2), (3), and (4) if w is an integer. 
Therefore 

w=oo gmh — (h — y) « ^ -, 

. = 1 smh 

a 

is our required solution. 
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EXAMPLES. 

1. If f{x) = 1 Eq. (6) Art. 69 reduces to 

. —sinh — (b — y) . sinh — (b — y) 
r=- T sm 1-- ^— — sin 

TT L . , TTO a O . - OTTO a 

smn — smh 

a a 

+ 5 .^B^b ''''—+]■ 

smn 

a 

2. 'If F=0 when x = 0, r=0 when x = a, r= when y = 0, 
and V=F(x) when y = by then 

m=oo smn — ^ o _ 

r= - y 7 sm I F(\) sm rfX . 

m=i smn 

a 

3. If F(x) = 1 the answer of Ex. 2 reduces to 

. ^iry . - Sttv . , biry 

^ _smh — ^ . smh — ^ „ . smh — ^ ^ _, 

4 1 a . TTx , 1 a , Sirx ,1 a . OTra; , \ 

= - r~sm ho o— isin \--z ^-rsm . 

TT L . 1 w a 3 , , oirb a 5 . , oirb a J 

smh — ' smh smJi 

a a a 



F=- 



4. If F=0 when ic = 0, F=0 when xz=a, V=^f(x) when 2^ = 0, 
and V=F(x) when y = b, then 



F=?Xr«^^^( ^— ^ f>(X) sin ^^ dX 

«=i smh 

a 

smh « _ 

smh 

5. If /(«) = i^(a;) the answer of Ex. 4 reduces to 

»»=• cosn i y\ o _, 

F= - X ; sm I /(A) sm d\ . 

a'^^L 1 Tmrb a J ^ a J 

m=i cosh-^i — 
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6. If f(x) = F(x) = 1 the answer of Ex. 6 reduces to 

4pC08h|g-2^ ^,l COsh^(|-y) 3^ 
r= - r sm ho 7r—i ®^^ ^T 

eosh^(|-^) g^ 

+ 5 75^;^^"^ — +"J- 

^"^^^ 

7. If r=/(a;) when y = 0, r=i^(a;) when y = ^>, V=<t>(y) when 
ic = 0, and V=x(y) when a; = a, then 



m=oo ginh (p'~y) X 






m=i sinh 

a 



. - mTTv 
smh « V X -. 

. , rmrbj ^ ^ a /J 

smh - — 
a 



m = 00 sinh -r- (a — x) * 

2-xr«i^^( — ^-^ — ^ 

• '^^ L o \ . , wTra 
m=i smh — T — 



+ fS[^-.? (..':„ / W.in^^a 



. , mirx 

smh — : — * 



. - miraj ^^ ^ h /J 



sinh— r^o 



8. If f(x) = <^(2/) = and F(x) = x(y) = 1 the answer of Ex. 7 may be 
reduced to 

,, 2r,ry sinhg(|-x) cosh^g-^ 

Sinh 77- cosh -777- 

. , Sir (a \ . 47r /a \ 



sm 



. , Sira b * , 

sinh^^ cosh 2,^. 



, 1 6 V2 / . ^iry -\ 

+4- — n^^^^^'^-j J 
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9. Find the temperature of the middle point of a thin square plate whose 
faces are impervious to heat; Ist, when three edges are kept at the tem- 
perature 0° and the fourth edge at the temperature 100®; 2d, when two 
opposite edges are kept at the temperature 0® and the other two at the tem- 
perature 100®; 3d, when two adjacent edges are kept at the temperature 0® 
and the other edges at the temperature 100®. See examples 3, 6, and 8. 

Ans., (1) 25''', (2) 50°; (3) 50®. 

60. Let us pass on to the consideration of the flow of heat in one dimension. 

Suppose that we have an infinite solid with two parallel plane faces whose 
distance apart is c. 

Take the origin in one face and the axis of X perpendicular to the faces. 
Let the initial temperature be any given function of x and let the two faces be 
kept at the constant temperature zero; to find the temperature at any point of 
the slab at any time. 

We have to solve the equation 

D,u = a^D^u (1) 

subject to the conditions 

n = when x = (2) 

u = '' x=^c (3) 

u =f(x) " ^ = . (4) 

In Art. 49 we have found 

It = e~ «***« sin ax 

and u = e-«**** cos ax 

as particular solutions of (1). 

/^ = e-°**'< sin oic satisfies (2) whatever value is given to a. It satisfies (3) 

if a = provided m is an integer. Let us try to build a value of u out of 

t/ 

terms of the form Ae- "'"» sin which shall satisfy (4). 

We have 

m as X c 

»»i = 1 



m = 30 r 

2-^r «MvH . mTTx f . . mirk ,.\ .„. 

= -Zf\j~ <* sm—^jf(X)sm—^dkj, (6) 



m = 30 r 

U 

r 

Hi=r~ 



reduces to (5) when ^ = and is our required solution. 
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EXAMPLES. 

1. If /(A) =^h, a constant, (6) Art. 60 reduces to 

u = — e 5" sin h o ^~ "^T sin \-i= ^ — 5~" sm — • • 

ttL c 3 CO c J 



2. An iron slab 10 cm. thick is placed between and in contact with two 
other iron slabs each 10 cm. thick. The temperature of the middle slab is at 
first 100° throughout, and of the outside slabs 0° throughout. The outer faces 
of the outside slabs are kept at the temperature 0°. Eequired the temperature 
of a point in the middle of the middle slab fifteen minutes after the slabs have 
been placed in contact. Given a^ = 0.185 in C.G.S. units. Ans,y 10°.3. 

- 3. Two iron slabs each 20 cm. thick one of which is at the temperature 0° 
and the other at the temperature 100** throughout, are placed together face to 
face, and their outer faces are kept at the temperature 0°. Find the tem- 
perature of a point in their common face and of points 10 cm. from the com- 
mon face fifteen minutes after the slabs have been put together. 

Am., 22^8; 15M; 17°.2. 

4. One face of an iron slab 40 cm. thick is kept at the temperature 0° and 
the other face at the temperature 100° until the permanent state of tem- 
peratures is set up. Each face is then kept at the temperature 0°. Required 
the temperature of a point in the middle of the slab, and of points 10 cm. from 
the faces fifteen minutes after the cooling has begun. 

Am,, 22°.8; 15°.6; 16°.7. 

61. If the faces of the slab treated in Art. 60 instead of being kept at the 
temperature zero are rendered impervious to heat, the solution of the problem 
is easy. 

In this case we have to solve the equation 

subject to the conditions 

i)^w = when x = 

D^u = " x = c 
u=f(x) " ^ = 0. 
We have only to use the particular solution 

u = g-o***' cos ax 
as we used u = e~«*«*' sin ax 

in Art. 60. We get 



c m=s » c 

= \ GP^^)*^^ +S(e-=^ cos '?^//(X) cos ^ <«a) ] . (1) 
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EXAMPLES. 

1. Solve example 2 Art. 60 supposing that the outer surfaces are blanketed 
after the slabs are placed together so that heat can neither enter nor escape. 
Find in addition the temperature of the outer surfaces fifteen minutes after 
the slabs are placed in contact. Ans., 33°.3; 33°.3. 

2. Solve example 3 Art. 60 on the hypothesis just stated, getting in addition 
the temperatures of points on, the outer surfaces. 

Am., 53°; 33°.9; 66°.l; 27°.2j 72°.8. 

3. Solve example 4 Art. 60 supposing that heat neither enters nor escapes 
at the outer surfaces after the permanent state of temperatures has been set 
up. Find also the temperatures of points in the outer surfaces. 

Ans,, 50°; 39°. 7; 60°.3; 35°.5; 64°.5. 

4. Show that if w=;0 when x = Q, i>^w = when x = c, and u=f(x) 
when ^ = 0, . 

»n=0 

Suggestion : Assume w = when x = 2c and f(2c — x) =/(ic), and see 
(6) Art. 60. 

62. If the temperature of the right-hand face of the slab considered in Art. 
60 is a constant y instead of zero we have only to add to the second member 
of (6) Art. 60 a term Ui which shall satisfy the conditions 

D,u, = a^D^u, (1) 

Wi = when a? = (2) 

Mi = " # = (3) 

i^ = y « X=C, (4) 

^ = Jl obviously satisfies (1), (2), and (4) ; to make it satisfy (3) as well 
c 

we must add a term v^ which shall be equal to zero when x = and when 

yX 

x='C and to — ■'— when ^ = 0, while always satisfying (1). It is given 
immediately by (6) Art. 60 and is 



TO = oo r 

= - ^ 2^\^~'~^ sm -^ J \ siu -^ dXj . (5) 



m=l 



c 



X sm d\ = cos rmr = (— 1)"* + ^ — > 

c rmr ^ ^ wtt 
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and 

TT 



m= 00 

i/2 = -^ V l^ ^e ^r- sm ) • (o) 

TT ^^ \ m c / 



"IBS 00 ._ 

Hence «, = y |__ + _2; (i^e-^sm-^jj • ('> 

ms 1 

If the left-hand face of the slab considered in Art. 60 is to be kept at a 
constant temperature fi and the right-hand face at the temperature zero we 
can get the term u^ which must be added to the second member of (6) Art. 60 
by replacing yhjfi and aj by c — aj in (7). We then have 

^Fc — X 2-^-^/l m»a*n*t . mirxX"! /ox 



tns=l 



EXAMPLES. 



1. Show that if u^= p when aj = , w = y when aj = c , and ti =f(x) 
when ^ = 

m = ao 



m=:l 



msQo c 

+ 7A(^"" '^^ sm -^ J /(X) Sin -^ (^X j . 



mrcl 



2. Show that if ti=^ P when a; = , t* = when ^ = ,. and D^u = 
when x = c 



m— 00 



• fl I • 



(>3. If the temperature of the right-hand faae of the slab just considered is 
a function of the time instead of a constant and the temperature of the left- 
hand face is zero the problem can be solved by a method nearly identical with 
that of Art. 51. 
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Let <l>(x,t) be a function of x and t which shall be zero if ^ is less than zero 
and shall be equal to 



ntsoo 



a? , 2 x-^ /(— 1)"* ti»Vir«t . m7rx\ 

- + - X I ^^ ^ e — ^?- sm I 

e TT ^^\ m c / 



mss. 1 



[v. (7) Art. 62] if t is equal to or greater than zero. So that 

<l>(xyt) =0 if ^ < 
Kl,(x,t) = 
4,(xd) = 1 
4,(x,t) = 1 

<l>(x,t) = 
Precisely as in Art. 51 we get 



* ^ = unless x = c 

< ^ = and x = c 

' x = c 

' x = 0. 



_ limit ^ r^/^^>^ [<^(a;,i? - Jcr) — <l>(x,t -(k + 1)t)^t '} ^^^ 



as the required solution of our problem, n being as in Art. 51 the largest 
integer in - where t is any given value of the time. 



T 



On our hypothesis the last term of (1), that is, — F(nT)4>[x,t — (n + 1)!"] =0; 
the next to the last term F(nr)f^(x,t — nr) has for its limiting value 



m=0E> 



m=l 

while as in Art. 51 the limiting value of the rest of the sum is 

t 
— Cf(\)D^<I>(x, t — X)<^X. 





m = Qo 



A<^(aJ, ^ - X) = -J- Xl ("■ ^) ^ — —^'-"-^ sm -y- J 



m=l 

Hence 

msoo 

1* 



= i^(0 [2+2 S^ltL^ sin ^1 
Lc TT-^V m e /J 

?n= I 



niss. X 



. ._ > I c — -| \mni. am 
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c^ 



CF(K)e- =^' ('-^> dX^l . (2> 



If we substitute fi = — -^ — (t — X) we get 



msOD 



•=f^<'>+ls[^"''»=(^(')-/-'<'-sS?H](«) 



EXAMPLES. 



1. If the temperature of the left-hand face is a function of t and the tem- 
perature of the right-hand face is zero and the initial temperature is zero 



m^a^wh 






(1 - f ^(«) - ! sK "« T(^(') -J--^' - =^W] 



2. If the temperature of the left-hand face is a function of t, the initial 
temperature is zero, and the right-hand face is impervious to heat 






m=: 00 

u 



+ (2^ +JaV ^^^^^^,,,^^^,_,,^^y^ 



3. If in Arts. 60-63 we are dealing with a bar of small cross-section and of 
length c and heat is radiating from the surface of the bar into air at the tem- 
perature zero so that D^u = a^D^u — h^u, show that: (a) the second mem- 
bers of (6) Art. 60 and (1) Art. 61 must be multiplied by e~ ^' ; (b) equation 
(7) Art. 62 becomes 

hoc 
( sinh — m= 00 \ 

a 
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(c) equation (2) Art. 63 becomes 



sinh — m 

a 



64. The problem of the motion of a finite stretched elastic string of length 
I fastened at the ends and distorted at first into some given curve y =-f{x) y 
and then allowed to swing, has been treated and partially solved in Art. 8. 

The complete solution is easily seen to be 



mssoo 



y = j2^sni -|- cos —j-j /(A.) sin — ^ d\. (1) 

m-l 

The second member of (1) is a periodic function of t having the period 

21 

— . The motion, then, unlike that in the case of an infinite string (Art. 5o) is 

a 21 

a true vibration, a periodic motion. The period — is the time it takes a dis- 
turbance to travel twice the length of the string (v. Art. 55). 

A careful examination of (1) will show that the actual motion is a good deal 
like that in the case considered in Art. 55, The original disturbance breaks, 
up into two waves one of which runs to the right until it reaches the end of 
the string and is then reflected, and runs back to the left or the under side of 
the string, while the other wave runs to the left and is reflected at the left- 
hand end of the string and runs back to the right under the string and is 
again reflected, runs back to the left over the string and so on indefinitely. 

If the curve into which the string is distorted at the start is of the form 

y = o sm — J— the solution is 

, . ntTTX mirat .^^ 

If = b sm -"-J- cos — - — . (2) 

No matter what value t may have the curve is always of the form 

. . w/irx 

that is, for different values of t we have a set of sine curves differing only in 
the amplitude and not at all in the period of the curve. In this case either 
the whole string if m = 1 , or each mth of the string if m is not equal to 
one, rises and falls, and there is no apparent onward motion. When this is 
the case we are said to have a steady vibration. 
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If m = l we get steady motion of the string as a whole and if the vibration 
is rapid enough to give a musical note the note is said to be the pure funda- 
mental note of the string. If m = 2 the vibration is twice as rapid as when 
m = l, the middle point of the string does not move and is called a node, the 
two halves of the string are in opposite phases of vibration at any instant, and 
the note given is an octave higher than the fundamental note and is called its 
pure^rs^ harmonic. 

If m = 3 the vibration is three times as rapid as in the first case, there are 

I 21 

two nodes x==- and x = — , and the note is the pure second harmonic of 

the fundamental note. 

For any value of m the vibration is m times as rapid as when w = 1, there 

are m — 1 nodes at the points 0? = — , x= —, ' • - x = I, and we get the 

mm m 

m — 1st harmonic of the fundamental note. 

It is clear from (1) that no matter what the original form of the string the 
resulting vibration can be regarded as a combination of steady vibrations each 
of which alone would give the fundamental note of the string or one of its 
harmonics, and that the complex note resulting is really a concord of the fun- 
damental note and some of its harmonics. 

A finely trained ear can often recognize in a complex note the fundaiiiental 
note of the string and some of its harmonics and is capable of analyzing a 
complex note into its component pure notes precisely as Fourier^s Theorem 
enables us to analyze the complex function representing the initial form of the 
string into the simpler sine-functions which must be combined to form it. 

EXAMPLES. 

1. Show that if a point whose distance from the end of a harp string is 

-th ther length of the string is. drawn aside by the player's finger to a distance 
n 

h from its position of equilibrium and then released, the form of the vibrating 
string at any instant is given by the equation 



m=0D 



2bn^ x^ / 1 . ^TT . m^TTX mirafX 

y = 7 Tr~2 2/ ( "1 sm sm -y- cos — z—) • 

(n — l)7r^ ^^ \m^ n I If 



«n=sl 



Show from this that all the harmonics of the fundamental note of the 
string^ which correspond to forms of vibration having nodes at the point 
drawn aside by the finger will be wanting, in the complex note actually 
sounded. • 
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2. If a stretched string starts from its position of equilibrium, each of its 
points having a given initial velocity, so that we have 

2^ = when ^ = 
y = « x = 

y = « X = l, 

the solution of the problem of its vibration is easy and gives 

3. Write down the solution for the case where the string is initially dis- 
torted and each point has a given initial velocity. 

65. If we do not neglect the resistance of the air in the problem of the 
vibration of a stretched string the differential equation is rather more compli- 
cated and the solution is not so easily obtained. The equation is given as (ix) 
Art. 1. 

Let us solve the problem for the case where there is no initial velocity. 

Here we have Dfy + 2kD^y = a^D^y . (1) 

y = when x = Q (2) 

y = « x = l (3) 

?/=/(^) " ^ = (4) 

D,y = " ^ = 0. (5) 

We get particular solutions of (1) in the usual way. Assume 2^ = e«^ + ^* 
and substitute in (1). We have 

as the only necessary relation between p and a. This gives 



Hence y^^ax-kt^t>^<^a* + i^ ^5) 

is a solution of (1) no matter what the value of a. 

To throw it into Trigonometric form replace a by ai, and since in actual 
problems k, which is proportional to the resistance, is very small, take — 1 
out as a factor of the radical. We have 



y 



= e~ *' e (°^ * ' ^a*a* — jt») t , 
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Since a may be positive or negative we can get 

y = e-^ sin (ax ± t ^laW — k^ 



and y=e~^* cos (ax ± t ^a^oLr — 1^ 

as solutions of (1), or by combining these 

y = e~*' sin ax cos t >Ja^a^ — A^ (7) 



y = e~^ sin ax sin t ^a^a^ — k^ (8) 

y = e~*' cos a^x cos ^ V^a^a^ — k^ (9) 



y = e-*« cos ax sin ^ Va^a^ — k^ (10) 

(7) and (8) satisfy (1) and (2) for all values of a. They satisfy (3) if 

Tftftr 
a = — . Let us see if out of them we cannot build up a value that will satisfy 

(4) and (5) as well. 



msoo 2 

2 -«-^ / . rmrx n ^..^ . mirX 



fi.)=^\X{'m'^ff(X).in^dx). (11) 



m=l 



^ = 7 ^~ 2i /sin -J- cos ^ ^ — k^j f(\) sm -j'-dkj (12) 



ni=l 

reduces to (11) when ^ = and therefore satisfies (4). 






m=: 1 



m= 00 



_ g 2; (sin = cos t V^ - H J/(.) sin ^ <.x) . (13) 

m = 1 

When ^ = the first line of the second member of (13) vanishes but the 
second line reduces to 

2k ^/ . rnirx /* . m7r\ \ 



Tn=l » 



We must, then, introduce into (12) an additional term which shall equal zero 
when t = and whose derivative with respect to t shall cancel the term above 
when ^ = . 
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This is easily seen to be 






Hence our complete solution ia 



m:— 00 I — 



\-p — *' 

Here the fact that e~**, which decreases rapidly as t increases, is a factor of 
the whole second member shows that the amplitude of the vibration rapidly 
decreases. 

Comparing this solution with that given in Art. 64 for the case where there 
is no resistance we see that the period of any given term 



A sin —r— cos t V — ^ kr , 

is greater than that of the corresponding term Ai sin — r— cos — - — in Art. 64. 

In other words the effect of the resistance of the air is to flatten some- 
what each component part of the note given by the string. More than this 
since the periods of the different terms of (14) are no longer exact submultiples 
of the period of the first term, the component notes are no longer in perfect 
harmony with the fundamental note of the string, and the ideal perfect har- 
mony between the fundamental note and its harmonics is not quite realized in 
any actual case. 

When k is very small, as in the case of a fine string, the departure from 
perfect harmony is very slight; but in the case of a coarse string or worse still 
of an elastic ribbon, where the resistance of the air is considerable, the 
unmusical character of the sound is very noticeable. 

EXAMPLES. 

1. Solve Ex. 1 Art. 64 allowing for the resistance of the air. 

2. Solve Ex. 2 Art. 64 allowing for the resistance of the air; 
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3. Find a particular solution of (1) Art. 65 on the assumption that it is of 
the form y= T.X, where Tis a function of t alone and Xa function of x 
alone. 

66, We pass on now to a couple of problems that require the modification 
and extension of Fourier's Theorem, the coaling of a spJiere in air, and the 
vibration of a stretched rectangular membrane, but as an introduction to the 
former we shall first consider the following very simple problem; to find the 
temperature of any point of a sphere whose initial temperature is any given 
function of r the distance of the point from the centre, and whose surface is 
kept at the constant temperature b. 

Here we are to solve 

D,(ru)=^a^D^\ru), (1) 

see [v] Art. 1, subject to the conditions 

v=f(r) when ^ = (2) 

u=:h ii r = c (3) 

if c is the radius. 

Let v=^ruy then our equations become 

D,v = a^D^v (4) 

V = rf(r) when ^ = (5) 

v=zbc " r = c (6) 

t; = « r = 0. (7) 

Our problem is now precisely that of Art. 62 and we have as our solution 

m = oo c 

w = -Vie c« sm I X/(X) sin d\\ 



msl 

m = oo 



+ f>[r^-^{^^^e , <8in— )J. (8) 

m=l 



EXAMPLES. 



1. If f(r) = b (8) Art. 66 reduces to t* = ft and there is no change of 
temperature. 

2. If the initial temperature is constant and equal to p 



u 



7 . 2c ,^ ,. r o2.r« . irr 1 4a«ir« . 2irr I 

= *H (P — ^)\ e-— 'sm -e--^'sin I 

TTT ^ L c 2 c 

, 1 9a«ir» . 37rr "1 
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3. An iron sphere 4:0 cm. in diameter is heated to the temperature 100° 
centigrade throughbut; its surface is then kept at the constant temperature 0®. 
Find the temperature of a point 10 cm. from the centre, and find the tem- 
perature of the centre, 15 minutes after cooling has begun. Given a^ = 0.185 
in C.G.S. units. / Ans,, 2°.l; 3°.3, 

67. If instead of having the temperature of the surface of the sphere 
constant, the sphere is placed in air which is kept at the constant tem- 
perature zero, the problem is much more complicated. For in this case the 
surface temperature can no longer be simply expressed but is given by a new 
differential equation 

D^ti -\- hu = when /• = c , (1) 

where h is an experimental constant depending upon what is called the sur- 
face conductivity of the sphere. 
Our equations, then, are 

D,(ru) = a^D^(ru) (2) 

u=f(r) whBU t = (3) 

D^u-{-hu = when r = c, • (4) 

As in Art. 66 let v = ru] then we have 

D^v = a^D^v (5) 

V = rf(r) when ^ = (6) 

v = " r = (7) 

D^v+(h ^v = when r = c, (8) 

V = e~ "***' cos ar and vz=e~ ***** sin ar have already been found as par- 
ticular solutions of (5) (see Art. 60). 

sin ar (9) 



V 



z,- o*a*< 



satisfies (7) for all values of a. 

Substitute this value of v in (8) and we have 

ac cos ac + (he — 1) sin ac = . (10) 

If a^. is a value of a which is a root of the transcendental equation (10) 

v=zer- «**ifc « sin a^. r (11) 

will satisfy (5), (7), and (8). 

It remains to see whether out of terms of the form given in (11) we can 
build up a vAlue of v which will satisfy (6). 
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When ^ = the second member of (11) reduces to sin a^r. If then we 
can express rf(r) as a sum of terms of the form hj^ sin a^^r where aj, is a root 
of (10) 

v = ^bf,e- «**ifc * sin % r (12) 

will satisfy all of the equations (5), (6), (7), and (8), and will be the required 
solution. 

Here, then, we have a new problem analogous to that of developing in a 
Fourier's Series, but rather more complicated, namely, to develop any function 

of ic in a series of the form ^.a^ sin a^x where a,„ is a root of the equation 

(11) ; or if we call ac = <f> and ?ic — l=p, where a,„ = — , <^^ being a root 

c 

of the equation 

<l> cos <^ -\-p sin <^ = (13) 

or more simply of 

<^+^tan<^ = 0; (14) 

remembering that the series and the function must be equal for all values of x 
between zero and c. 

If <l>^ is a root of (14) — kj}^ is also a root. 

Since sin — ic = — sin ( — — a; ) the terms of the required development 

which correspond to negative roots may be combined with those corresponding 
to positive roots, and therefore we need consider only positive roots. 

<^ = is a root of (14) but as sin = there will be no corresponding 
term in the development. 



If we construct the curve 



y=-l^ (15) 



and the curve 



y = tan X (16) 

the abscissas of their points of intersection are values of x which satisfy 

X 

- + tan 35 = , that is, are roots of equation (14). It is easy to see that 

there will always be an infinite number of real positive roots, one for each of 
the branches of the periodic curve j/ = tan x which lie to the right of the 
origin. The numerical values of these roots can be obtained by an easy com- 
putation. The construction suggested above shows that as m increases <t> 



m 
IT 



will rapidly approach the value (2m — 1) — if jt? is positive or if p is negative 

TT 

and numerically less than unity, and (2??i + 1) o if i> is negative and numer- 
ically greater than unity. 
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There exist, then, an infinite number of positive real roots of <^ +^ tan <^ = 
and consequently of 

ac cos ac + (he — 1) sin oo = . 

68. The development called for in the last article can be obtained very 
easily from a simpler one which we shall now consider, namely, to develop f(x) 
into a series of the form 

f(x) = «! sin f^iX-\'a2 sin <^2 2' + ^s sin ^gX -}-••• (1) 

where 4^\, ^, i^' ' ' are roots of the equation 

<^cos <^+/>sin <^ = 0, (2) 

the development to hold good for all values of x between a? = and a; = 1 . 
Let us proceed as in Arts. 24 and 27. Call . ' = Aa; and form n equa- 
tions by substituting for x in turn in the equation 

f(x) = «! sin ^ix + Oa sin ^aa; + aj sin <^8a? H h «« sin ^^x (3) 

the values Aa:, 2 Ax, 3Aa5, • • • wAx ; this being equivalent to making the values 
of the sum and the function coincide for the n values of x substituted. 

To determine any coefficient a^ multiply the first equation by Ax. sin (<^^Ax), 
the second by Ax. sin (2<^^Ax), the third by Ax. sin (3<^;„Ax), and so on, the 
nth equation by Ax. sin (n<^^Ax); add the equations and compute the limit- 
ing, values of the terms of the resulting equation as n is indefinitely increased. 
This as in Art. 24 is seen to be equivalant to multiplying (2) by sin if>^x,dx 
and integrating between the limits x = and x = 1. 

The first member of the resulting equation is 



J/(x) sin it>^x,dx j 





The coefficient of a^ is 



1 



I sin <f>j^x sin <l>^x,€lx , 



and of a^ is 



I sin^<^^x.rfx . 
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1 1 

. Tsin <i>j^ sin </»«aj.(fo; = 2 J [^^^^ (** "~ <^»»)^ "~ ^^^ (** + *m)«]c^ 



^ 1 F sin (<^t — <^m) sin (<^<- + <^m) 1 
_ 4>k cos <^t sin <^^ — <^^ sin <^;^. cos <^^ 



(4) 



But <t>j^ cos <^jt +i^ sill <^ib = 

and 4>^ cos <^^ + i? sin <^« = by (2). 

Hence the numerator of the second member of (4) is zero, and the coefficient 
of a^. vanishes if k is not equal to m. 

1 

r • a . J 1 r J J J n 1 F^ ^iu 2<f>^ 






^ 9ma^• 


^-"2<^^L<P- ^'"^ 


Therefore 




2 


^^ ^ sin2^„. 



24> 



m 



]• <'> 



I /(«) sin <t>^x.dx . (6) 

The coefficient of the integral in (6) can be transformed as follows so as not 
to involve trigonometric functions. 

*m cos <l>^ +p sin <l>m='0, by (2) 



*m cos^ <^m +1 sin 2<^^ = , 



sin 2</^^ _ 


COsVm , 


<^m' cos^ </>^ 


— i^'sin2<^„, 


(<^«,^+i>^) 


cos2</>^=^S 


cos2 <^^ _ 


_ i? 


P 


*«»^+i>^ 



(7) 



(8) 

Hence by (7) and (8) 

sin 2<l>^ _ <I>J +p(p + 1) 

and a. = /jV J/l i) //(^) -n *.a.^a . (9) 



Therefore our required development is 



msoo I 



,«=1 ' "• • - V- ■ ' 



where ^»» = "" 
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Prom (10) it easily follows that for values of x between and c 

f(x) = «! sin a^x + cl^ sin a^ + clz sin a^ -\ (11) 

and a^ is a root of the equation 

ac cos ac-^-p sin ac = . (13) 

It is to be observed that if p is infinite (13) reduces to sinac = 0, a^ 

becomes and (11) and (12) give our regulation Fourier sine series (v. Art. 

31), and therefore the ordinary Fourier development in sine series is merely a 
special case of the problem just solved. 

Moreover since the Fourier method of determining the coefficients of such a 
series requires that 

c 

sin a^x sin a^x.dx = , 





c 



,!,„ i, that '" ('■ - '•)' - "° (■■- + "•)■' = 



or reducing, that 



a^c cos a„c a„c cos a^c 

sin a^c sin a„c 



or that a^ and a„ should be roots of the equation 

ac cos ac 



sm ac 



==p 



where p is some constant, it follows that we have obtained in (11) the most 
general sine development that can be obtained by Fourier's method. 

EXAMPLES. 

1. Show that the solution of the problem of Art. 67 is 

m=3 00 



rw = 2^ ft^e"""**m* sin a^r , 



m=l 



2 a^c^-4-(hc 1)^ /* 

where b™ = - • ^l^ + ^^^_\y j W) sin a„X.dX 

and a« is a root of 



ac cos ac -{- (he — f) sin ac = . 
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2. If the initial temperature of the sphere is constant and equal to p 



ms 00 



rw = V ^»^ e- «'*m' sin a^r 



m» 1 



where b - 2Rh ^^^' + (^ ~ ^Y sin amO 

where b^-^2ph ^^^^^^^^__^y-—^ 

«m a^c^ + Ac (Ac — 1) * 

3. If the temperature of the air is a constant y instead of zero the surface 
equation of condition is 

Dj.u •\-h(u — y) = when t^=-c. 

The substitution of t^^ = w — y , however, brings the problem under Ex. 2 
and we get 



ms 00 



T{u — y) = 2) ^in^""'*«' sin a^r 



m=xl 



where h^ = \. J^±^_lll Jx[/(X) - y] sin a„X.rfX. 







4. An iron sphere 40 cm. in diameter is heated to the temperature 100° 
centigrade throughout; it is then allowed to cool in air which is kept at the 
constant temperature 0°. Find the temperature at the centre; at a point 10 
cm. from the centre; and at the surface; 15 minutes after cooling has begun. 

Given a? = 0.185 and ^ = oTvTj in C.G.S. units, (v. Ex. 3, Art. 66.) 

Ans.^ 96^46; 96°.16; 95°.26. 

5. Show that if In the slab considered in Art. 60 one face is exposed to air 
at the temperature zero, so that we have I>^u=- a^D^u, t* = when x = 0, 
u=f(x) when ^ = 0, and D^u + hu=^0 when x = c, then 



m= 00 



=2 



u= y .a^ c~**'"m' sin a^x 



m=l 



where a^ = 2 -^-^l^i-^ J/(X) sin «„X.rfX, 



a^ being a root of ac cos ac -\- he sin ac = . 
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6. If in the problem of Art. 57 heat escapes from one side of the plate into 
air at the temperature zero so that we have D^u + D^u = , w = when 
a; = , u =/(«) when y = , and D^u + /^w = when a; = a, then 



m ^ 09 



-w = 2) a^ 6"" V sin a^x 



m=l 

a 






«^ + ^' 
«>' + ^(A« + 1)-, 

a„ being a root of aa cos oa + Aa sin aa = . 

7. If in the problem of Art. 59 there is leakage at one side of the sheet so 
that we have D^V+D^V=0, V=0 when x = 0, F=0 when y = b, 
r=/(aj) when y = 0, and D^V-\- hV=0 when x = a, then 



rR = 00 






sinh a J) 

m s 1 "• 

where a^ has the value given in Ex. 6. 

■ 

69. If we have an infinite solid with one plane face which is exposed to air 
at the temperatures U=F(t) and heat can flow only at right angles to this 
face, we can solve the problem readily for the case where the initial tem- 
peratures are zero. We have 

subject to the conditions 

z* = when ^ = 

and D^u -{• h(U — w) = when x = 0*. 

Let v=^u — -D^u, (1) 

Then v will satisfy the equation 

and we shall also have v=^U when ^ = . 



00 



Since U=Fit) . = ^Je-^i^(.-^)..^ (2) 



X 



by Art. 51 (10). 

DjpU — hu = — hv by (1). 

Hence ue~^=^—h \ e~^vdx + C; 

V. Int. CaL § 4, page 314. 
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Determining C by the fact that ue^^^^) ..when x = oo we have 



00 



Ce'^'^vdac. (3) 



Substituting the value of v from (2) we have 



00 00 

u = 



=-^S'""'f'^''<'-^y^' <*> 



2a>/t 



as our required solution. 

For an extension of this method to the flow of heat in two and. three dimen- 
sions and for the interpretation of the results by the aid of the theory of 
Images, see E. W. Hobson, Proc. Lond. Math. Soc, Vol. XIX. 

EXAMPLES. 

1. If the temperature of the air is a periodic function of the time, say 
p^ sin (mat + A.^) and we care only for the limiting value of i* as ^ increases, 
show that this value is 



1 Ima / X \7na , \~| 



V. Art. 52 and Art. 51 Ex. 4. 



_^ ^ ^- ^ C „^ ' I J e"^ (a sin bx '- b cos bx) 

Note that I e"* sm bx,ax = ^^ ^ , -^ ■ 

J a^-\-b^ 

J /* , , e*^ (a cos bx 4- b sin bx) 

and I e«^ cos bx,dx = — ^^ ^-rr^ ' 

J a^ + P V 

V. Int. Cal. Table of Int. (235) and (236). ^ 

2. If 2>jr+I>j?F=0, r=0 when y = and 2>^r+ A[i^(y) — r] = 
when x = show that 



00 00 



V. Art. 47 Ex. 1. 

70. The solution for an instantaneous heat source of strength Q at the 
point x = \ if heat escapes at the origin into air at the temperature zero, so 
that Dj^u ^ hu = when x = , can be obtained by the aid of Art. 53. 
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Let u = Ui + U2 where Wi is the temperature that would be due to the given 
source if we had no boundary at the origin, so that 

wi = — ^ e- ^-i^. [Art. 53 (2)] 

2ay7rt 

D^u — hu=^ Dx'^i — ^^1 + ^x^2 — ^^2 = when a; = . 

Therefore i^x^2 "~ hu^ = — {D^'^i — ^^i) (1) 

when 35 = 0. 



But -^^D,u,-hu,)=--^(^-h)e-^ 



- Q ( ^ }\.-^ 

when a; = 0. 

This is easily seen to be the value to which 






2aV^ ^ 2^2^ 
reduces when x=^0 , and this last expression is 

^ 2aVV^ 

and therefore satisfies the equation 

« 

DtU = a^D^u', ' (2) 



since 



Q (A + xy 

~ « 4a»« is the temperature due to a source at x = — X . 



2a\/7rt 
If, then, we determine «2 from the condition that 

^,(«. -hu,)=- ^^ ("2^ - a; a-isr (3) 

taking care not to introduce any arbitrary constant or arbitrary function of t 
in our integration, Wj will satisfy equation (2) and condition (1). 

Integrating (3) [v. Int. Cal. § 4, page 314] and determining the constants of 
integration suitably we get 

OS 

Q r (A + x)« «,./•, (A + a)« , -1 

U2 = — ^ ^ — i^ir — 2h€^ I e-'«--l^;r dx \. (4) 

Therefore the solution of our problem is 



u 



Q r A-x)« , (A + a)* ^, . /• * (A + xy -I 

= -^U — i^ir + ^-^5r— 2Ae*^j e-*^ — iST c^ . (5) 

X 
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If we replace Q by f(\)d\ and integrate from to oo we get as the solution 
for the case where u = f(x) when ^ = and x>0 , and D^t* — ku = 
when x = 

m 
Xi Sb 

u = -^^Jf{\)d\ Ve- ^^ + e- ^^ - 2he^fe- »- '^ dxl . (6) 

For an interpretation of this result by the theory of Images and the 
extension of the method to the conduction of heat in n dimensions see G. H. 
Bryan, Proc. Lond. Math. Soc, Vol. XXII. 

EXAMPLE. 

Show that if M=f(x) when ^ = and D^u -{- h[^F(t) — w] = when 
./; = we must take u equal to the sum of the second members of (6) Art. 70 
and of (4) Art. 69. 

71. As another problem requiring a slight extension of Fourier's Theorem 
let us consider the vibration of a rectangular stretched elastic membrane 
fastened at the edges, that is of a rectangular drumhead. 

If two of the sides are taken as axes and the plane of equilibrium of the 
membrane as the plane of XY the equation for the motion of the membrane is 

Dfz = c\I>iz + Dy^z) (1) 

see [x] Art. 1. 

Let the membrane be distorted at the start into some given form z =f(x, y) 

and then allowed to swing. Our equations of conditions are then 

.- = when ic = (2) 



a; = a (3) 

y = (4) 

y = h (5) 

^ = • (6) 

^ = 0. (7> 



;^ = 
5J = 
« = 

•^ =/(^> y) 

D,z = 

We can get a particular solution of (1) by our usual device. Assume 

^ __- g ax + j8y + y« 

and substitute in (1) . We get y^ — ^2^^2 _|_ ^2^ ^ ^]^q Q^iy relation that 
need hold between a, P, and y, in order that s = e*^+^^ + >'* may be a 
solution. This gives 

Therefore ^ — ^a^ + fiy^a y/^^^rf, 

is a solution of (1) no matter what values are given to a and fi. 
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Replace a and ^ by ai and pi and we have 

as a solution, and from this we get 
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z = sin (oar -\- Py±.et yja^ + i^^ 



and 



;5; = cos (aa; -\-py±ct y/a^ + fi^) 



(8) 
(9) 



as particular solutions of (1), a and )8 being unrestricted. 
From (8) and (9) we can get solutions of the following forms 

z = sin ax sin fiy sin ct ^a^ + ^ 
z = sin ax sin )3y cos ct SaF+^ 



z = sin ax cos ^y sin ct ^a^-\- ^ 
z = sin ax cos )3i/ cos ct Vo^-p^ 



gj = cos ax sin )8y sin c^ Va^ + i^^ 
« = cos oaj sin )3y cos ct Yc^-\-^ 
z = cos oaj cos )8y sin c^ \c^-\-^ 



(10) 



« = COS ax cos ^^ cos c^ va^-f-j8^, 

each of which will satisfy equation (1). The second of these will satisfy also 
(2), (4) and (7) whatever values be taken for a and p. It will satisfy (3) and 

(5) if a and fi are equal — and — respectively. 

If, then, we can so combine terms of the form 



tuttx . niry 

sm sm —r- cos art 

a b 






as to satisfy (6) our problem will be completely solved. 
This can be done if we can express /(ic, y) as a sum of terms of the form 



. mirx . niry 



A sin sin —7^ , the sum and the function being equal when x lies 

between and a and y between and b, 
f(x, y) can be expressed in terms of sin 



mirx 
a 



by Fourier^s Theorem if we 



regard y as constant. We have 

^/ \ x:^ . mm 



m^ 00 



. lUTTX 



(11> 



m=l 
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a 

2 



where «« == - CfQ^y V) sin ^^ d\ . (12) 

f(K y) ^ (12) is a function of y and may be developed by Fourier^s Theorem. 



ttas 00 



We have /(X, y) = J ft„ sin ^ (13) 



n = l 



where «>„ = ^J7(^, /*) sin ^ (^/a . (14) 

u 

Substituting for /(X, y) in (12) the value just obtained we have 



ms 00 a 6 

m=l U 



and 

iit^OBn=oo a 6 



A-' s') = d S SC^i-^ T «^^ T/'^^/a^' '*) ^i'^ T^ ^^"^ ? '^'*) • (1^) 



in=l n=l 



IN = 00 n = 00 



Hence « = X X (^"»'» ^^^ ^^ ^^^ ^ ^^s cTrt -^^ + ^ ; (16) 



msl n= 1 



a b 



where ^^,„ = ■^f^>'ffQ^> /*) sin ^ sin ^ e^/t . (17) 

U 

is our required solution. 

EXAMPLES. 

~~ 1. Show that if the membrane starts from its position of equilibrium but 
with a given initial velocity impressed upon each point so that z = wheu 
^ = and DtZ = F(x, y) when ^ = the solution is 

fn= oo n = 00 

1 '^ ^/ A ^ ' ^'TX . niry . /^a ^^Sv 



a b 



where ^^,„ = ^J"^^J ^(^» /*) sin ^ sin ^ <^/a . 



U 
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2. If there is both initial distortion and initial velocity 



m=Qoi»s3aD I ■ . 

m= 1 n= 1 

a b 

where A^^^^ = ( d\( F(X., fi) sin sin —z^ dfi , 





a h 



\ a2 ^ b^ 

3. Obtain a particular solution of (1) Art. 71 by assuming z = T,X. Y. 
where T is a function of t alone, X of ic alone, and Y oi y alone. 

72. A number of interesting conclusions can be drawn from the results of 
Art. 71 and Exs. 1 and 2. 

(a) No one of the three values of « is in general a periodic function of f, 
and consequently a vibrating rectangular membrane will not in general give a 
musical note. 

(h) A stretched rectangular membrane can be made to give a musical note 
by starting the vibration properly. For if the initial circumstances are such 
that the solution reduces to a single term, as will be the case if the initial dis- 

tortion in the problem of Art. 71 be such that f(x, y) = ^^ „ sin sin — i-^ , 

Tti/TTX T) *7r // 

or the initial velocity in Ex. 1 be such that F(x, y) = B^^^ sin sin — p- , 

or the initial distortion and initial velocity in Ex. 2 be the values just given, 
then the vibration will be periodic and will have the period 






Since T is a function of m and n and m and n are any whole numbers, the 
same membrane is capable of giving a great variety of musical notes of differ- 
ent pitches. If m and n are both unity we get the lowest note the membrane 
can give, which is called its fundamental note. Its period 

T.= -;J= = ^I^. (2) 



If m and n are both equal to k we get 



T,= ^fi_ ; (3) 
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therefore the membrane can be made to give any harmonic of its fundamental 
note. 

More than this, since as we have seen 

T = 2 






is the period of any note the membrane can give, and since if m and n are 
replaced by mk and nk we get 

2 



T = 

"^ mJb, nk 



ck 



V^ + ¥ 



the membrane can sound all the harmonics of any note which it can give. 

(c) In the case considered above, where the solution reduces to the single 
term 



mTTX . niry 

z = sin sm —~- 

a 



[_^m,« cos CTT^ -y-^ + ^ + B^^^ sin CTTt -^ — + ^ J ^ 



if ic = — , or — , or — • • • or -^^ — , z = for all values of t, and 

ni m m m 

the lines x = — , aj = — ,••• x= ^ -— remain at rest during the whole 

m m 7fi 

vibration and are nodes. The same thing is true of the lines 

b 2b 3b (7i — l)b 

73. If the membrane is square it may have much more complicated nodes 
than if the length and breadth are unequal, as in this case the period of any 
term of the general solution reduces to 

and there will in general be two terms having the same period, and a musical 
note of the pitch corresponding to that period may be produced by initial cir- 
cumstances that bring in both terms. Thus 



. 7H7rx . 

z = sm sm 

a 



^ [<„ cos ^ V'^^T^^ + B^, sin ^ N/^M^»] 

, . nirx . miry F . cirt ,/— yi — ^ , t> • c^^ J~~T'i — f] 

+ sin sm A„ ^ cos — \m^ -\-n^ + B^^^ sm — \m^ + n^ 

a a \_ ' a 'a _} 
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is a fonn of vibration that will give a musical note. Let us write this 

^'^ .r~r~t — i»r A • ^TTic . niry , _, . mrx . miry~^ 

z = cos — \m^ -{-Tri A sm sm — - 4- B sm sm — -^ 

a \_ a a a a _j 

+ sm — Slm^ + riM C sm sm — '- + D sm sm (2) 

a L a d d (I J ^ '^ 

and in studying the forms of musical vibration of which the membrane is 
capable we may take Aj B, (7, aijd D at pleasure. Consider the simple case 
where A-= C and B = D; then (2) reduces to 



(. . mirx . wiry , ^ . nirx . miry\ / cirt . / » , 
^ sm — - sm — - + ^ sm sm 11 cos — Vw^ + 
a a a a /\ a 



TV" 



+ sin — Vm^ + Ti^y (3) 



Values of a; and y that will reduce the first parenthesis in (3) to zero will cor- 
respond to points of the membrane remaining motionless during the vibration. 
Let us consider a few cases at length. 

(a) If m = 1 and /i = 1 , the first parenthesis in (3) becomes 

. A I n\ • "Tie . Try 

(A + B) sm — sm -^ , 

^ a a 

which is equal to zero only when a; = Oor y=^Oy or x = a or yzzza, 
that is, for the four edges of the membrane. If, then, the membrane is sound- 
ing its fundamental note it has no nodes. 

(b) If m = 1 and ?i = 2 , we have 

. . TTX . 27ry , _. . 27rx . Try . 

A sm — sm — =- + B sm sm -^ = 

a a a a 

to give the nodes. 

TTX ^TTIi (l 

Let J5 = 0, then sin — sin — ^ = 0, which is satisfied by y==o; and 
in addition to the edges the line y = 7^ is at rest and is a node. 
If ^ = a; = o is a node. 



If A = B 



. TTX . 2Try , . 2Trx . Try ^ 

sm — sm — - + sin sm — ^ = 

a a a a 

^ , TTX . Try Try . ^ . TTX ttx , Try ^ 
2 sm — sm — ^ cos — ^ + 2 sm — cos — sm — ^ = 
a a a a a a 

TTX , Try / Try . Trx\ 

sm — sm -^ I cos -^ + cos — 1=0. 
a a \ a a / 
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The first factor gives the four edges of the membrane, 
equal to zero gives 



The second written 



cos 



iry irx / irx\ 

— ^ = — • cos = cos I TT I 

a a \ a / 



Try irx 



a 



a 



x + y = a, 



which is a diagonal of the square. 
If B = — A 



. TTX . 27ry . 27rx . Try 

sin — sm — - — sm sm — ^ 

a a a a 



^ = 



iry TTX 

cos — ^ = cos — 
a a 



X — y=zO, 



which is the- other diagonal of the square. 

Other relations between A and B will give Trigonometric curves of the form 



iry 
cos — ^ = 
a 



B irx 

-. cos — 

A a 



which are easily constructed and which obviously all agree in passing through 
the middle point of the square. 

We give the figures for a few of the cases 






A^O 



B=0 



A^,-s 






A^B 



A^2B 



A^'^B 
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(c) If 7ii = /i := 2 we have 

2irx . 2iry 
(A + B) sm sin — - = 

to give the nodes, which are merely the lines 



X 



a - a 

= -, and y = o- 



This form gives the octave of the fundamental note. 
(d) If m = 1 and /i = 3 we have 

. , irx , Sttv , _, . 37ra; . Try 

A sm — sm — - + ^ sm sm — ^ 

a a a a 



^ = 



to give the nodes. 
If ^ = we get 

If ^ = we get 
If A = — B we get 



a ^ 2a 

ic = - and x = — 



a . 2a 

7j = - and y = Y' 



irx . Siry 

oin ii 



sm — sm 
a 



a 



. Sirx . Try 

sm sm — ^ 

a a 



= 



sinZ:^sin^r4cos^^-l~4cos^^ + ll=0 
a a \_ a a J 



(1) 



(2) 



or 



cos^ — ^ — cos 
a 



2 — = 

6^ 



(TTV 7ra;\/ Try , Trx\ 

cos — ^ — cos — II cos — ^ + cos — 1=0 
a a /\ a a / 



If A = B we get 



X — ^ = and x-\- 7j = a , 
^Try TTX 1 

COS^ —^ + COS^ = z: 

a a 2 



. (3) 



or 



27r// , 27ric . 

cos — - + cos ^ — 1 , 

a a 



(4) 



a Trigonometric curve easily constructed. 

For other relations between A and B we get more complicated Trigonometric 
curves coming under the general form 



2Try , „ 27ric A + B 

A cos — - + B cos = — 

a a L 



(5) 
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which all agree in containing the points 

(a a\ /a 2a\ /2a a\ , /2a 2a\ 






A=0 



B=0 



A^-B 






AzzB 



B=>-. 2A. 



B = 2A 



1 



MISCELLANEOUS PROBLEMS. 



I. Logarithmic Potential, Polar Coordinates, 



1. Show that D^V+D^V=:0 becomes 



r' 



if we transform to Polar Coordinates. 

2. If in 
we let V= j^.<t> we get 



i)^^v+Id^v+^dIV=o 



(1) 



^==A COS a€l> -{- B sin a<l> \ 4» = Ae'^ + Be-"^ 

> or 



R = Air^ + ^1 r- 

whence 

V=^ r* cos a^ 

F=r* sin a^ 



F'=--cos a^ 

IT 1 • ^ 

K = — sina^ 

A«a • 



R=iAi cos (a log r)-\- B 



1 sin (a Jog 7') ; ) 



P'= e«* cos (a log r) 
F'= e«* sin (a log r) 

F= e-^ cos (a log r) 
F= e- «* sin (a log r) 



F= cosh a<^ cos (a log r) 
Y= cosh a^ sin (a log r) 

F= sinh a<l> cos (a log r) 
V= sinh a<^ sin (a log r) 



are particular solutions of (1). 
3. Show that if F satisfies (1) Ex. 2 and F =/(«/») when r=a 

mssoD 

1 ^^ / r\in 



m=l 



m=s 00 



and 



where 



1 \ /a\^ 

F=2^o + ^("') (^m cos m<^ + a^ sin w<^) for r>a, 

111= 1 
^m = ~ ■ A*^) COS mtji.difi and a^ = - Yy(<^) sin m4>.d<\i 
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4. Show that if r satisfies (1) Ex. 2 and V=f(r) when </> = and r>0 



QO 00 



F= i/,,.>)^/52!^|^ »..(,_ ,„, ,).^ 



» 



1 



= - sin| (/(^A) ^,, , ^ A. 

TT 2J-'^ ^ cosh (A — log r) ~ COS </> 



■ac 



5. If r=l when </> = and 0<r<l, and F=0 when «/» = and 

I sin~ J 2v?'. sm^ 

6. If V=f(r) when </» = and F=0 when </» = i8 



OO 00 



F= i f/(eA)rfX f 5E^i^=^ cos a(X - log r).eia 
ttJ ^ J sinh)3a 



-QO 



= TTTL sm — ^ * ^^^^^— ^^ — 



'^-oo cosh ^ (A. — log r) — cos- 4 
if 0<(^<)3. 

7. If V=0 when «/» = and V=F(r) when <^=:i)3 



00 00 



F= ^/^(e^)<^x/ JB^« cos «(X - log r).^ 



-00 

00 



1 . ^ r F(e^)d\ 

= 2^3 sm ir<f>i ^ —7- • 

'^ -^ cosh -^ (^ "- log ^) + cos ~ <^ 

8. If r=x(^) when <^ = and r<.a, F=0 when <^ = ^, and 

F=0 when r=.a 



. 1 . 7r</> C / \\ V ^ 



'^^ ■ "-cosh -g ( ^ — log -^ — cos -^ 



|8V °^/ v3 

^ 

cosh |(a + log ^) - cos ^ 
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9. If V=0 when r = l, V=l when 4> = 0, F=0 when «^ = ~ 



2 



TT r"i — ?*^ 



[r+5 *'*"*] • 



10. If r=0 when r=l, F=l when <^ = 0, r=l when <^ = ^ 



F=|tau-[2-^^]. 



.2*^ sin 2<^. 
11. If V=f{4,) when r = a, F=0 when <^ = 0, and F=0 when 



^ 



m = <» 



m=l 



where ^»» ~ /? {/(*'*) ^^^ "~^ ^^ ^-"^^ 0<<f><p. 

12. If V ==/(<!>) when r = a, F= when r = ^, V=0 when «^ = 0, 
and F=0 when <I> = I3, then if a<r<^> and 0<4><p 



m^ OB Titir fnir 









where a^ = isX^^*^ ^^^ ^^ "^^ ' 



13. If r=F(<l>) when r = ^, V=0 when r=a, F=0 when «^ = 0, 
and F=0 when <^ = )3, then if a<r<b and 0<4><fi 



nt S3 00 »nr wT 



^= S { ^^ EG)? - (;)•'] «. •" =T* } 



iB= 1 b p — a fi 



where a^ = -Qf^<l>) sin ^^ <^<^ . 

14 If V=x(r) when <^ = 0, F=0 when <^ = i8, F=0 when r=r», 
and F=0 when r = b, then if a<r<b and < <^ < )8 

«.=»• sinh ^^(^-») 

log b — log a 
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1 b 



^^^^« *» = log 6 -log « J ^'('^ > *'° i^^i^oT^ '^ 







15. If V=^ilf(r) when <^ = )S, r=0 when «^ = 0, r=0 when r — a, 
and V= when r=zb, then if a<^r<^h and 0<.<f><. p 



m=of> 



T^ '^ ( log 6 — log a . m7r(log r — log a) > 
^ (. . . tn^-rr log^ — loga ) 



m=i sinh . , , 

log — log a 



< 



where a^ = -. — ; — -. 1 mae^) em - — ; z dx, 

log h — log aj ^^ ' log h — log a 



II. Potential Function in Space. 
1. Show that 

OD 00 ae 00 

f(x, y) = :;^2J^^f^Pf^^jf(^y t^) ^^s a(X — x) cos ^(/i — y).dfi, 



— 



X — 00 



for all values of x and y, 

2. Find particular solutions of D^V+ D^V+ I>^V=0 in the forms 



V= e * *''«* + ^* cos {ax ± Py) 
V= e **'^«^+^' sin (ax ± fiy) 



V= sinh « v'oH^. sin (oa: ± jSt/) 

F= cosh « VaH-^« sin (aa; ± jSi/) 

&c. 

3. Given D^V-\- D^V+ D^V=0, and V=f(x,y) when s; = 0, solve for 
positive values oiz. 



oo 



^=f./*rF?T73¥? 



[«« + (X - xY + (M - y)']2 



— 00 — 00 



4. Confirm the result of the last example by showing that if f(x, y) is inde- 
pendent of y 



oo 



y^ 1 r zf(\,fi)dX. /y Ex 3 j^rt. 45). 

ttJ s" + ex — «)' 



00 



+ 
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5. If D^V+D^V+D^V^O, and V=l when ^ = for all points 
within the rectangle bounded by the lines a; = a, x = — «, y=b, and 
y = — h; and F^O when s = for all points outside of this rectangle, 
then 

9„v- ^-y i ^ 4- i ,iT,-« (» - x)\h - yy - z\(a - xf + {b - yf + ^^] 

, 1 • _i (« + a;)\6 - y)» - z^(a + x)'' + {I, - y)^ + ..'] \ 
■^ 2 ^'" (a + x)\b - yy + zX(a + a;)^ + (6 - y)^ + s"^] ) 

^+j^ i E 4. i ,;„-! fa - '«)'(^' + yy - ^X{<^ - a')' + (ft + y)' + i*^] 

Sl(b + y)» 1 2 "^ 2 ^''' (a - a;)X6 + y)» + ««[(« - x)* + (6 + y)'-' + z^] 

1 .^_i (« + xYjb + y)' - ;.'[(a + xy + (ft + y)^ + ^'] 1 

"^ 2 ^'"^ (a + «)»(* + y)» + z\(a + «)» + (6 + yy + «^] T 
if — a •< 0! < a , and 

4^ r- ^-y i sin-1 (g - a^)'(ft - yy - zX(a - xy + (6 - y)» + .^''j 
\l(b - yy <- (a-a;)=(/>-y)» + ;^=[(a-a;)«+(6-y)^ + ;.^] 

_ ,:„-i (« + ^)'(ft - yy - ^'r(^ + xy + (6 - y)' + ^n \ 

. _ft + y i .„_, (« - a^)'(ft + y)^ - ^\{a - xy + (& + yy + ^^ 
"^V^+^U (a-x)*(6 + y)^ + «t(«-»^)'+(ft + y)' + «'] 

_ ,:„-, (« + »)^(ft + yy - A{<^ + xy + (6 + y)' + ^'] ) . 

(« + a;)\6 + yy + «^[(« + x)^ + (i + y)^ + «'•']) ' 
if cc<C — a or x^ a . 

6. If the value of the potential function Fis given at every point of the base 
of an infinite rectangular prism and if the sides of the prism are at potential 
zero the value of V at any point within the prism is 



m = 00 n = OB 



TT 4 ^r-\ 'ta ^^slm^.rii . mirx . 'miry f* .^ n..^ . . mir\ . mru _ 

m=:l »=1 

If F= 1 on the base of the prism this reduces to 

. (2vi + l)7rx . (2n + l)7ry 



16 '^ ^ _^^ ^ (2>w 4-1)3 ^ (2h4-1)8 « ^ 

^^ ^^ "' '' (2m + 1) (2^ + 1) 



OT=0 n=0 



7. If the value of the potential function on five faces of a rectangular 
parallelopiped, whose length, breadth, and height are a, b, and c, is zero, and 



y 
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if the value of V is given for every point of the sixth face, then for aiiy 
point within the parallelopiped 

VTYv Tv 

^= 2j Zj^m^n -^ ; ; Sm — ^ 

is 






sm 



where • J^,„ = ^ J*^^J/(^» /^) sin ^ sin ^ dfi . 







8. If the value of the potential function is given on two opposite faces of a 
rectangular parallelopiped and is zero on the four remaining faces, then within 
the parallelopiped 



„ ^^^ ^^:^ . a^ V . mm 



flt^OD R ^ 00 _ 

sm^T^ 

m=l n=l sinh TTC >, ^ , ,, 



rtYi 1ft 

a h 

where J^,„ = ^f<^^ff(K h) sin ^ sin ^ dfi 

a & 

and ^^,„ = ^- ft^Xj i^(X, ^) sin ^^ sin ^ c?/Lt . 



9. If the value of the potential function is given at every point on the surface 
of a rectangular parallelopiped, what is its value at any point within the 
parallelopiped? « 

J- 

III. Condttction of Meat in a Plane. 

^ 1. Find particular solutions of D^u = a\D^u + B^u) of the forms 

/ u = e- «*<»' + ^'>' sin (ax ± fiy) 

u = e- «'^**' + ^^* cos (ax ± Py) . 

2. Given the initial temperature of every point in a thin plane plate, find 
the temperature of any point at any time, 
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00 (X 



u 



=JSJ"*/'-"='^!^/<*>''>^'* 



— QO — OO 

00 00 



= - Ce-^* dp^e-^f{x 4- 2ayftp, y + 2a\fty)dy. 



— 00 



30 



3. For an instantaneous source of strength Q at (X, fi) 



u = T^-r. e- ^t — V. Art. 53. 



For an instantaneous dovhlet of strength P at (0, /a) with its axis perpen- 
dicular to the axis of F 

" = 8^;^'' ^'- V.Alt. 54. 

For a permanent doublet of strength P at (0, /i) with its axis perpendicular 
to the axis of Y 

_P X : ^ + (M-»)' 

If the strength of the doublet were Pdfi and the heat were uniformly 
generated and absorbed along the element dfi of the axis of Y beginning at 
(0, /Lt) we should have 

P _a^ + <^-y)« Xdfl _ P _a^ + ( ft- y )« ^^^_,, /^~y 

^ = ?]; — "2^ 4a»« 2 I / \2 = o — 2^ 4a8t a tan > 

27ra^ ic^ -+- (/i — y)* 2'ira^ x 

and since d tan~^ ^- — ~ is the angle ARA\ where A and -4' are the points (0, /a) 

and (0, /A + rf/i) and -R is the point (x^y), u = when aj = unless 

P 

fi <i y <Z /JL + d/jL , in which case w=— if aj approaches zero from the 

positive side; and u = when ^ = except in the element d/i. If then 
u = when ^ = and u^f(y) when x = we have only to suppose a 
doublet of strength 2a^f(x)dx placed in each element of the axis of Y and 
then to integrate; we get 

„ _ 1 A_ '^ +<"-»)' xf(ii) 



00 



a;2 + (/A —?/)' 
For a permanent doublet of strength F(t) at (0, /a) we have 

u 
_ 1 r Xi?'(0) ._x' + fr-y)« , ^ xF'(t) ^4-(»-»)' , -I 
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From the reasoning above this must be zero when ^ = except at the point 
(0, /a), must be 2a^F(t) at the point (0, /a), and at every other point of the 
axis of Y when t is not zero. 

Hence if w = when ^ = and u = i^(?/, t) when a; = 



00 



u 






OD 00 



For an extension of this solution by the method of images to the case where 
there are other rectilinear boundaries and for its application to the correspond- 
ing problems in the flow of heat in three dimensions see E. W. Hobson in Vol. 
XIX Proc. Lond. Math. Soc. 

4. If the perimeter of a thin plane rectangular plate is kept at the tem- 
perature zero and the initial temperatures of all points of the plate are given, 
then for any point of the plate 

m = oon=ao he 

u = - 2^ 2j^" ^^^>' sm-r— sm-^J eZAj/(X,/Lt)sin-^ si^ 

m=l n=l 

if b is the length and c the breadth of the plate. 

5. A large mass of iron at the temperature 0° contains an iron core in the 
shape of a long prism 40 cm. square. The core is removed and heated to the 
temperature of 100° throughout and then replaced. Find the temperature of a 
point in the axis of the core fifteen minutes afterward. Given a^ = .185 in 
C.G.S. units. Ans,, 52°.9. 

6. If the prism described in Ex. 5 after being heated to 100° has its lateral 
faces kept for 15 minutes at the temperature 0° find the temperature of a point 
in its axis. Arts,, 20°.8. 

IV. Conduction of Heat m Space. 

1. Show that 

00 00 CC . 00 00 00 . 

—^{ dai dpi dy\ d\i dfi j /(A, fi, v) COS a(\ —- x) cos P(fi — </) cos y(v — z).dv 

—30 —00 — oo 

for all values of x, y, and z. 

2. Show that 

ni=oon=oop=oo 

. '^ 'v^ 'v^ . mTTX . mry . pirz 

f(^y yy^) = Zi Zt Zt ^"».«^ s^^ "V" ^^^ ~h~^^^c 

»i=l n=l p=l 

where A^^^ = ^ J"^^/'^/^ {/(A. /^. v) sin ^ sin ^ sin ^ dv , 



for 0<.r<r/, <//</>, 0<z<c. 
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3. Obtain particular solutions of. D^uz=ia\D^u-\- D^u-^ D^u) of the 
forms 

u = e- «*('** + ^* + >*>' sin {ax±Py± yz) 

u = e-«'(»'+^'+y'>' cos (ax±py± yz) . 

I 

4 Given the initial temperature of every point in an infinite homogeneous 
solid find the temperature of any point at any time. 

00 00 QO 






— 00 — w —00 

00 30 00 



= -3 Ce-^' dpCe- y* dyCe-^f(x + 2a>ftp, y + 2a>ft,y, «.+ 2a)ft.S)dB . 



■00 



— 00 —00 



5. If the surface of a rectangular parallelopiped is kept at the temperature 
zero and the initial temperatures of all points of the parallelopiped are given^ 
then for any point of the parallelopiped 

m^oc n = ooj> = oo 

u=X X S^™.«.P ^"^"^ (w •*" S ■*"!)' sin ^ sin ^ sin -2^ 

m= 1 n= 1 p= 1 

bed 

where ^^,„^ = bcdf^^J^^f'^^^' ^' ^^ ^^^ ^T" ®^^ ^^ ®^^^ ^''' 



6. An iron cube 40 cm. on an edge is heated to the uniform temperature of 
100° Centigrade and then tightly enclosed in a large iron mass which is at the 
imiform temperature of 0°. Find the temperature of the centre of the cube 
fifteen minutes afterwards. Ans., 38^.4. 

7. An iron cube 40 cm. on an edge is heated to the uniform temperature of 
100° and then its surface is kept for fifteen minutes at the temperature 0°. 
Required the temperature of its centre. Ans.j 9°. 5. 






CHAPTER v.* 



ZONAL HAKMONICS. 



74. In Art. 16 we obtained 

z = Ap^(x) + Bq^{x) (1) 

[v. (6) Art. 16] as the general solution of Legendre's Equation 

m being wholly unrestricted in value and x lying between — 1 and 1 ; where 
^^(^) ^1 ^("^ + 1) ^. I m(m - 2)(m + l^m + 3) ^ 



2! 



4! 



m(m — 2)(m — 4)(m + l)(m + S)(m + 5) 

6! "^ "•■ 



(3) 



and 



^^^^) ^ ^ (m - l)(m + 2) ^. ^ (m - l)(m - 3)(m + 2)(m + 4) ^, 

(m - l)(m - 3)(m - 5)(m + 2)(m + 4)(m + 6) ^, ^ 

I • 



and we found 



y— r'«p^ (cos tf) 

V=r"q„ (cos ff) 
V= -anri Sm (cos $) , 



(5) 



m being unrestricted in value, as particular solutions of the special form 
assumed by Laplace's Equation in spherical coordinates when V is independ- 
ent of 4>', that is, of the equation 



rAVrr) + -^ A(8in ODeV) =0 
^ ^ sin 6 ^ ^ 



(fi) 



* Before reading this chapter the student is advised to re-read carefully articles 9, 10, 13(c), 
15, 16, and 18(c). 
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For the important case where m is a positive integer we found 

>i = AF„(x) + BQ„(x) (7) 

[v. (10) Art. 16] as the general solution of Legendre's Equation (2), whence 

F=r"'P„ (cos ^) 



r=r''Q„ (COS 6) 



Y 



(8) 



are particular solutions of (6) if w is a positive integer. 



_ (2m-l)(2m-3)-- -l r _ mjm - 1) 



X 



m 



9 



r,,(m. - l)(m. - 2)(m - 3) 
^ 2.4.(2w — l)(2w — 3) ■■ 



•] (9) 



[v. (8) Art. 16] and is a finite sum terminating with the term which involves 
a; if m is odd and with the term involving x^ if m is even. 

It is called a Surface Zonal Harmonic, or a Legendre's Coefficient, or more 
briefly a Legendrian. 

m\ r 1 (m-pl)(yM + 2) 1 

?i — l)---lLaj"» + ^"^ 2.(2w + 3) ar"»+« 



<?m(«^) = 



(2m + l)(2m 



(^ + l)(^ + 2K7^ + 3)(m + 4) 1 n .10^ 



.(2w + 3)(2m + 5) 

if aj < — 1 or x>l. [v. (9) Art. 16.] 

It is called a Surface Zonal Harmonic of the second kind. 



Qm(^) = (- 1) V 



T(m. + 1) 



11 /'».(*) 



2-[r(| + i)] 

[v. (13) Art. 16] if w is odd and — 1< a; < 1 . 



(11) 



<?«.(«) = (- 1)« 



►ill— a 



[_r(^)-] 



_ /_i \? 2 2A.6.--m 

~^ ''it 1.3.5. • • • (m - 1) ^'»^^'' 

[v. (14) Art. 16] if m- is even and — 1 < a; •< 1 . 



(12) 
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In most of the work that immediately follows we shall regard x in P„j(a;) as 
equal to cos^ and therefore as lying between — 1 and 1.* 

75. In Article 9 the undetermined coefficient a^ of a;"» in Tj^x) was 

arbitrarily written in the form ^ ■^^—\ for reasons which shall 

now be given. 

In Ai'ticles 9 and 16 ;s: = P^(aj) was obtained as a particular solution of 
Legendre's Equation 

by the device of assuming that z could be expressed as a sum or a series of 
terms of the form a^x^ and then determining the coefficients. We can, how- 
ever, obtain a particular solution of Legendre's Equation by an entirely differ- 
ent method. 

The potential function due to a unit of mass concentrated at a given point 

^= , — . (2) 

V(x - x^^ + (2/ - y^' + (^ - z^y 

and this must be a particular solution of Laplace's Equation 

D^V+D^V+D!V=^0, (3) 

as is easily verified by direct substitution. 

If we transform (2) to spherical coordinates using the formulas of 

transformation 

ar = r cos $ 

y'=T sin B cos <^ 

z=.r sin B sin <^ we get 

V= , - ^ : (4) 

Vr* — 2rri[cos cos $i + sin sin Oi cos(</i "■•<^i)] + '"'i 
as a solution of Laplace's Equation in Spherical Coordinates 

vD^r V) + -^ A(sin D^V) + -^^ Dl V= [xiii] Art. 1. 

If the given point (Xi, yi, Zi,) is taken on the axis of Xy as it must be that 
(4) may be independent of <^, ^i = , and 

F= -=L===. (5) 

yr^ — 2/7*1 cos + r^ 

* English writers on Spherical Harmonics generally use /ti in place of x for cos ^. We 
shall follow them, however, only when we should thereby avoid confusion. 



1 

1 
\ 

] 
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is a solution of 

,-AVO+giJ^-^A(sm«AF) = 0. (6) 

Equation (5) may be written 

^=r , ^ =— . (7) 



\ll-2 

r ? 

1 



Vl — w* cos $ + '^^ IS tinite and continuous for all values real or complex of 
z. It is double-valued but the two branches of the function are distinct except 
for the values of « which make 1 — 2« cos + .t*-^ = namely z = cos $-}-i sin 6 
and z = cos $ — i sin ^, both of which have the modulus unity and which are 
critical values. 

, is finite and continuous except for the values of 

^l — 2z cos + z^ 

z = COS — I sin 6 and z = cos O-^-i sin 6 for which it becomes infinite; it is 

double-valued but has as critical values only these values of «. It is then 

holomorphic within a circle described with the origin as centre and the radius 

unity, and can be developed into a power series which will be convergent for 

all values of z having moduli less than one. (Int. Cal. Arts. 207, 212, 214, 

220.) 

If then /• > I'l — can be developed into a convergent series 

r, 



involving whole powers of — . 

Pm i ^ *^^s series, p^^y of course, being a function of cos 0. Then 






[v. (7)] is a solution of (6). . Substitute this value of Fin (6) and we get 

As this must hold whatever the value of r provided r > 7*1 the coefficient of 
each power of r must be zero, and hence the equation 



sin 
must be 'true. 



hfe{''^'^) + '^^'^+'^^-=' . ('^ 
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But as we have seen in Art. 9 the substitution of x = cos in (9) reduces 
it to 

(l-.r2)^^f-2ic^ + m(m + l)=0, 
^ ^ dx^ dx ^ ^3 

and therefore ^=Pm 

is a solution of Legendre's Equation (1). 

If r<Zri — ========r can be developed into a convergent series 



1 C( 



r2 



— cos ^ + —> 

V 

involving whole powers of — . 

Pm ~~;^ ^® ^^^s series.. Then 

(v. 8) is a solution of (6) ; substituting in (6) we get 

whence it follows as before that 

is a solution of Legendre's Equation. 

But pjn is the coefficient of the mth power of — in the development of 

1 — 2 — cos ^ + — 2 ) ^ according to powers of — , or of the mth power of - in 

the development of ( 1 — 2 — cos 6 + -^1 2 according to powers of - , or 

more briefly it is the coefficient of the mth power of ;§; in the development of 
(1 — 2xx + ^^~ i according to powers of z, x standing for cos ^. 

(1 — 2xz + .t:^)- i = [1 — x(2x — z)\- \ 

and can be developed by the Binomial Theorem; the coefficient of z^ is easily 
picked out and is 

(2m-l)(2m-3)---i r m(m-l) „_, 

m! L 2(2w — 1) 

^ 2.4.(27w — l)(2m — 3) J' 

But this is^ precisely P,n(a;). [v. Art. 74 (9).] 

Hence Fjix) is equal to the , coefficient of the mth power of z in 
the development of [1 — 2xz + z^\- ? into a power series, the modulus of z 
being less than unity. 



/ 



"7 
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76. If x = l F^(x) = l. For if x = l (1 — 2^;.^ + ^^)-^ reduces to 
(1 — 2« + z^)-h that is to (1 — .^)~', which develops into 

1 + 5J + ^^ + '^^ + ^* + • * • J 
and the coefficient of each power of .t; is unity. Therefore 

' -Pm(l) = l- (1) 

We have seen that if m is even Pm(x) contains only even powers of x and 
terminates with the term involving x^, that is with the constant term. 

The value of this constant term can be picked out from the formula for 

F^(x) [v. Art. 74 (9)]. It is (- 1)2 "; ' \ ^ ; or it can be found as 

follows : — It is clearly the value Pm(^) assumes when a; = ; it is, then, the 
coefficient of z^ in the development of (1 + ^^~ i ; ^^t 



/i I -ix L -t -*■ 2 I -^'^ 4 1.3.5 g , 1.3.5.7 



«8- 



.2.4 2.4.6 ' 2.4.6.8 

and the coefficient of z^, m being an even number, is (— 1)2 ' ' ' ^ — . 

^ z.4.6 ' " m 

If m is odd P^i^) contains onty odd powers of x and terminates with the 

term involving x to the first power. The coefficient of this term can be 

w— 1 3.5.7. •••m 

picked out from (9) Art. 74 and is (— 1) 2 ' ' ' — -; or it can be 

^ ^ 2.4.6. •••(w — 1) 

dP (x) 
found as follows : — It is clearly the value assumed by — ^^ when x = 0. 

It is, then, the coefficient of «'" in the development of .^ ^. o . 

Z ^ a I 0.0 f. ti.O.I _ , 

(1 + 2=) J ~ ■' 2 ^ 2.4 " 2.4.6 ^ 

»« + ! 3.5.7 ' ' 'tn 

and the coefficient of «"* in this development is (— 1) 2 ' ' — ; -— , 

^ 2.4.6 ' ' ' (m — 1) 

w being an odd number. 

77. To recapitulate: 

^. , , 1.3.5 • • • (2m — 1) r ^ 7n(7fi — 1) 
^mW- ,,,j L^ 2(2m-l) 

m(m~l)(m-2)(/yi-3) _^ 
^ 2.4.(2m — l)(2m — 3) 

_ ^ (m - l)(m — 2) (in - 3)(w - 4)(m - 5 ) „^_,. _^ "| 

2.4.6. (2m — l)(2m — ^){2m - 5) "^ J ' '^^ 
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m being a positive integer, is a Surface Zonal Harmonic or Legendrian of the 
mth order. It is a finite sum terminating with the first power of a; if w is 
odd, and with the zeroth power of a; if m is even. 

Fm(^) is tlie coefficient of the mth power of z in the development of 
(1 — 2xz + z^)- h into a power series. Hence if « <C1 

(1 - 2xz + «2)-i =.Po(x) + Fi(x).z + Fi(x),z^ + Fi(x).z^ 

+ F,(x).z^ + F,(x).z' + • • • + F^(x).z^ + • • •. (2) 
Whence 



s/r^ — 2rri cos + r f 



= i rPo(cos 0) + ^ Pi(cos ^) + ^ P2(cos 0) 



+ • 



+ J; P„(COS 0) + • • • 



r > ri 



= - Po(C08 0)+^ Pi (COS *) + -J Pi,(COS ^) 



h(3) 



+ 



+ ^ P„(cos (9) + • • -I if r<ri. 



is a solution of Legendre's Equation 



(i-^^)£-2.'£+^(^+i)-=^ 



f/.r2 



rfa: 



when m is a positive integer. 



and 



F=r''*P^(cos^) 



are solutions of the form of Laplace's Equation in Spherical Coordinates 
which is independent of 4, namely 



rA» (r V) + ^T^^ A (sin 6D,r) = (i. 

-^2m + 1 ( ^) = P21M + 1 (^) • 

A,«+i(0)=0. 
^ ^v ^ s 1.3.5. • • • (2)11 — 1) 



(4) 

(5) 

(6) 
(') 
(8) 

(9) 
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r dp^^,(x) -\ ^ 



m + l) 



L dx J,_o ^ ^ 2.4.6. ••2»» 

For convenience of reference we write out a few Zonal Harmonics, 
are obtained by substituting successive integers f or m in formula (1). 

P,(x) = 1 
Pi(x) = X 

P,(x)=i(3a-»-l) 



(10) 
They 



PJx) = I (35a;« — SOa;" + 3) 

O 

P^(x) = i (63x* — 70aj« + 15a;) 



(11) 



P,(aj) = ~- (231aj« - 315a^* + 105x^ - 5) 
p,(a;) = ^ (429.C' - 693a;s ^ 315^8 _ 35^) 

P8(a;) = ^ (6435a;« - 12012a;« + 6930a;* - 1260aj« + 35). 

Any Surface Zonal Harmonic may be obtained from the two of next lower 
orders by the aid of the formula 

(n + l)P„ + x(a:) ~ (2n + l)xP,(x) + nF,_,(x)=0 (12) 

which is easily obtained and is convenient when the numerical value of x is 
given. 
Differentiate (2) with respect to z and we get 



whence 



(1 - L +1) -^ = ^'<^> + 2^»<'^>-* + ^^»('^>-"' + 



Hence by (2) 

(1 - 2xz + z^(P^(x) + 2P^(x).z + 3F^(x).z^ + • • •) 

I 

+ {«-x)(Po(x) + Pi(x).z + P,(x).z* + ---)=0 (13) 
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(13) is identically tnie, hence the coefficient of each power of z must vanish. 
Picking out the coefficient of «** and writing it equal to zero we have formula 
(12) above.* 

78. We are now able to solve completely the problem considered in Art. 9. 
We were to find a solution of the differential equation 

Tl)^(r V) + -^. A(sin ^ A K) = (1) 

^ ^ sm ^ ^ ^ 



subject to the condition 



^=^^^i -h- ^ = 0- (2) 



We know (v. Art. 77) that 

V= r'^F^ (cos 0) 

and ^=;nTTi^«»(«os^) 

are solutions of (1). 
For values of r<^e 



M _ Mr 1 r^ 1.3 7^ 1.3.5 /■« "I .^. 

(c' + /•2)i "^ c L 2 c2 "^ 2.4 c* 2.4.6 c« "^ J ' ^ '^ 

Therefore for values of r <" c 

V=-\P„ (cos 0) - 2 -s A (cos 0) 

+ ||Ji'.(cos^)-|||^A(cos^) + -.-] (4) 

is our required solution; because each term satisfies equation (1), and there- 
fore the whole value satisfies (1), and when ^ = 

P^(cos^) = P^(l) = l 

[v. (5) Art. 77], and hence (4) reduces to (3) and (2) is satisfied. 
For values of r'> c 



M 



{c^ + 



)i ~ ^- L 2 r^ "^ 2.4 r* 2.4.6 r« "^ J ^^ 

— ;ifr- — --4- — -~ ^^ - 4- 1 
"" Lr 2r«"^2.4 7^ 2.4.6 r^"" J' 



* For tables of Surface Zonal Harmonics v. Appendix Tables I and IL 
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Therefore for values of r > c 

+ |iJ^^(cos<?)-|||^,P,(co80)+--] (6) 
is our required solution. For it satisfies (1) and reduces to (2) when ^ = . 

79. As another example let us suppose a conductor in the form of a thin 
circular disc charged with electricity,' and let it be required to find the value 
of the potential function at any point in space. 

If the magnitude of the charge is JIf and the radius of the plate is a the 
surface density at a point of the plate at a distance r from the centre is 

M 
r = 



and all points of the conductor are at the potential -^— • (v. Peirce's New- 

tonian Potential Function, § 61.) 

The value of the potential function at a point in the axis of the plate at the 
distance x from the plate is easily seen to be 



a 



y ^ C rdr 



(I J i 



±(M _, a;^ — a^ _ M 

dx \2a x^ + <^^^ f^^ + ^^ 

— _ :^ri — - -^ - — - -U 1 
li x<^a, 

~ x^L x^^x* x^^'j 
if X ^ a. • 

Integrating and then determining the arbitrary constant we have 

M _^ x^—a^ _Mr7r x x^ , x^ x"" "I 

2a ^^^ x^ + a^~~ aL2 a'^ 3a« Sa^ "^ 7a' ' ' J 

if X <!.a , 

^MFa a3 ^s ^7 -1 

if a? >- ^/ . 



164 ZONAL HARMONICS. [Abt. 79. 

We have, then, to solve the equation 

rD^(r V) + -r^ D/(sin ^ A H = 
subject to the conditions 

"a L2 ,7 ^ "^ 3^* "" 5^' "^ TV " J 
when ^ = and r < a 

and r=:^r-- — + — - — + -1 

when ^ = and r'> a. 
The required solution is easily seen to be 

TT 

if r < a and ^ < h" > 
if ?•!>«. 

EXAMPLES. 

1. Given that if a charge -Sf of electricity is placed on an ellipsoidal con- 
ductor the surface density at any point F of the conductor is equal to - — j - 

where p is the distance from the centre of the conductor to the tangent plane at 
P (v. Peirce, New. Pot. Tunc. § 61); find the value of the potential function at 
any external point when the conductor is the oblate spheroid generated by the 

rotation of the ellipse — „ + V^ = 1 about its minor axis. 

^ or Ir 

Ans. (1) If the point is on the axis of revolution 

V=—r===-\ sin-M— p^ I — sm-M— p 1 

X being the distance from the centre. 

(2) If the point is on the surface of the spheroid 

r= -^M=. r? - sin- 0^^^ = T^ r? - *-"-^ (7=^)1 • 
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(3) If the distance r of the point from the centre is less than ^a^ — h^ and 



9 e — ^ 



(4) If the distance r of the point from the centre is greater than ^h^ — //^ 



M ri («2 ~ f^^l 
V= , ^ ^ , ^ ^Pa(cos^) 



+ 5^ ^' P4(cos ^) - ^-^-p^*P«(cos ^) + •••J . 



• 2. If the conductor is the prolate spheroid generated by the rotation of the 
ellipse — 2 "t" Tg = 1 about its major axis, show that if the point is an external 



b^ 



point and is on the axis at a distance x from the centre, / 

M X + \la^ — b^ 

~ 2yja^ — W ^^ x — ^Jw' — b^' 

If the point is not on the axis and r > ^cl^ ^- b^ 

+ ^^^^^4(0.08 .9) + ^^ P.(co8 <>) + •••]. 

.80. As a third example we will find the value of the potential function due 
to a thin homogeneous circular disc, of density p, thickness 7c, and radius a. 
The value of F at a point in the axis of the disc at a distance x from its 
centre is readily found and proves to be 



Fo = 2irph(>Jx^ + w" — x)=^ [>/x' + a^ — rr]. 



If a;> 



a 



J .^ __ {.,ff\l_ r. .1^' 1-1^/" 1.1.3 <y^ 1.1.3.5 q« 

\/x +a — x\l + ^^f^ — ^[_^^2x^ 2.4 x' "^ 2.4.6 ar« 2.4.6.8 x' "^ 

^^ ^~ a L2x 2.4 j«"^ 2.4.6 a-^ 2.4.6.8 .r^ "^ J' 
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li x<a 

, _2Mr X Ix^ l.lx* 1.1.3 ar« 1.1.3.5 a-« "1 

^^ ''"a L a "^2^2 2.4 a* "^ 2.4.6 a« 2.4.6.8 a«"^ J' 

Hence the solution for any external point is 

„ 2Mria 1.1 a«, ., 
a L2 r 2.4 ;•» ^ ^ 

2;;^^ -, P, (cos 0) - 2;^;^ -, P.<co. ^) + ■ • • J 



if r !> a, and 



F=^ri--Pi(cos^) 



+ il>,(C0S<>)-|l^>.(C0S<») + l^^.P.(C08 <>)-••.] 



TT 

if r<.a and ^ < h" 



EXAMPLES. 



1. The potential function due to a homogeneous hemisphere whose axis is 
taken as the polar axis, is 

^^ MFa . 3.1 a% . ., 3.1.1 a* ^ .. , 3.1.1.3 a« ^ .. "I 

if /• > a, and is 

+ |i5A(co.^)-|i|i:P.(co8^)+-] 

TT 

if r < a and ^ ^ 77 • 

2. The potential function due to a solid sphere whose density is propor- 
tional to the distance from a diametral plane is, at an external point, 

,, 8 M r5.3 a , 5.3.1 a« , ,, 

^=T^"" ^n " + ^71"^ ~8 ^2 (cos ^) 

l.'> « L2.4 r 2.4.6 r^ ^ ^ 

5.3.1.1 a^ o / zi\ 1 5.3.1.1.3 ^/J t» , /,n "1 



by the rotation of — 2 ^" 72 ^^ -^ about its minor axis is, at an external point, 
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3. The potential function due to the homogeneous oblate spheroid generated 

_3 M r x^ + a^ — h^ / . _, {a^ — h^ + hx) 
^ " 2 (a^ - h^) L 2(a^ - h^\ V"^ «Va^2 + «2 _ ^2 

+ sin- i^^£^M) - ^1 
if the point is on the axis of the spheroid at a distance x from its centre. 

if r>(a^ — h'^)\, and 

if r<(a2-&2)^ and ^<?- 

4. The potential function due to the homogeneous prolate spheroid 

:^ f 

external point, 

if r> (^2-^,2)1. 

81. The method employed in the last three articles may be stated in 
general as follows:- — Whenever in a problem involving the solving of the 
special form of Laplace's Equation 

r7),2(/.r) +-A^ A(sin eD,V)=0, 

^ ^ sm B ^ ■ 

the value of V is given or can be found for all points on the ax js of X and 
this value can be expressed as a sum or a series involving only whole powers 
positive or negative of the radius vector of the point, the solution for a point 



X ?/ 
generated by the rotation of -"2 "I" ra ^^ ^ about its major axis is, at an 



\ 
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not on the axis can be obtained by multiplying each term by the appropriate 
Zonal Harmonic, subject only to the condition that the result if a series must 
be convergent. 

It will be shown in the next article that P^ (cos 6) is never -greater than 
one nor less than minus one. Hence the series in question will be convergent 
for all values of r for which the original series was absolutely convergent. 

82. In addition to the form given in (1) Art. 77 for P^i'^) other forms^ 
are often useful. 

It ought to be possible to develop F^ (cos 0), which may be regarded as a 
function of 6, into a Fourier's Series, and such a development may be obtained, 
though with much labor, by the methods of Chapter II. 

The development in terms of cosines of multiples of may be obtained 
much more easily by the following device. 

We have seen in Art. 75 that P^ (cos 0) is the coefficient of the mtk power 
of z in the development of (1 — 2z cos + z^--k in a power series, and that 

if mod z<.l (1 — 2^: cos + «)~i can be developed into such a series. We 
know by the Theory of Functions that only one such series exists, so that the 
method by which we may choose to obtain the development will not affect the 
result. 

(1 — 2z cos + z^)~i = (1 — z(e^^ + f^^') + x'^i 

= (1 — ze^^)-i(l — ze-^^)-i. 

(1 — ze^^-i may be developed into an absolutely convergent series if" 
mod z<.l , by the Binomial Theorem. We have 

0^_^e-^)~i=l + ^ze-^i + ^z'e-^-^+^^z'e'^ 

The product of these series will give a development for (1 — 2z cos 6 -\- z'^'i' 
in power seriesp The coefficient of «"* is easily picked out, and must be equal 
to Pjn (cos 0\ We thus get 

^m(cosc/; 2.4.6 2m L ^2 3^^-1^"^ ^^ > 

^2.4 (2m -1) (2m -3)'^ ^^ ^^ J 
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1.3.5. ••(2»t — l) r l.w . 

P^(cosd)= — ,, , ., ^ — ^^ -\ 2 cos m^ + 2 T-77^ rT-cos(m — 2)tf 

'"^ ^ 2.4.6. •••2m L 'l.(2m — 1) ^ -^ 

1 .3 m(m — 1) 
+ 2 1.2(2m-l)(2m-3) ''*^«<'^ - '^>* 

1.3.5 »t(m-l)(w-2) 6^0 I 1 m 

+ " 1.2.3 (2r« - l)(2m - 3)(2m - 5) "^^^"^ ^^'^^ S ^^^ 

If m is odd the development runs down to cos $; if w is even to cos (0), but 
in that case the coefficient of cos (0), that is, the constant term, will not contain 
the factor 2 which is common to all the other terms, but will be simply 
r i.3.5"-(m- l)n^ 
L 2.4.6. "-m J 

We write out the values of P^ (cos 0) for a few values of m 

Fo (cos 0) = 1 
Pi (cos 0) = cos $ 

1 

P3(cos 0) = -(5 cos 3^ + 3 cos ff) 

o 

P4(cos ^) = ^ (35 cos 4:6 + 20 cos 20 + 9) 

1 * [(^> 

Pg (cos 0)=zr^ [63 cos 50 + 35 cos 30 + 30 cos ^] 

Pe (COS 0) = -^T. [231 COS 6^ + 126 cos 4:0 + 105 cos 20 + 50] 

p^ (cos 0) = T^ [429 cos 70 + 231 cos 50 + 189 cos 3^ + 175 cos ^] 

Pg (cos 0) = Tqooa [6435 cos 8^ + 3432 cos 60 + 2772 cos 4:0 

+ 2520 cos 20 + 1225] . 

Since all the coefficients in the second member of (1) are positive, and since- 
each cosine has unity for its maximum value it is clear that P^ (cos 0) has 
its maximum value when ^ = 0; but we have shown in Art. 76 that P^.(l) = 1. 
Therefore P^(cos6>) is never greater than unity if ^ is real. It is also easily 
seen from (1) that P^ (cos 0) can never be less than — 1. 
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83. P^ (x) can be very simply expressed as a derivative. We have 

_ (2m - l)(2m - 3) • • • 1 P m (m - 1) 

^•»^^''~ w! L 2.(2r/i-i) 



^(^ -!)(,,, -2)(>M- 3) , -I 

^ 2A.(2m — l)(2vi — 3) J 



J^m(a;;rta;- (m + 1)! L 2.(2m-l)'^ 

(m + l)m(fft - l)(m - 2) H 

^ 2.4.(2m — l)(2i» — 3) J 

a* ac a; 

pP^ (x)dx'' = frfx fp^ (a;)fl^ 



U 



(2m - l)(2m - 3) • • • 1 T _ (m + 2)(m + l) 

(m + 2)! L 2.(2m-l) 



(>» + 2)(m + lMm-l) -1 

^ 2.4.(2wi — l(2m — 3) " J 



(2wi — l(2m — 3) 
J -^m («;<*" - .2m)! L 2(2m-l) * 







2m(2m-l)(2m-2)(2m-3) _ _ 1 

^ 2.4.(2m — l)(2m — 3) J 



(2m-l)(2m-3)--l F _ „_, m(m - 1) 
(2m)! L ^ 2! ^ 



m(m — l)(m — 2) 
~ 3! 



a;*"-' 



-^ 



??l 



l)(2m--3)---l , , ^, • 
(2m) ! ^ 



^ ^ , . 1.3.5 ••• (2/w — 1) ^/'« , ., ^^ 
Hence Pm(aj) = ;FrVi -7- 0^ ~ 1)*" , 



or 



1 d^ 

Pfn(^) = ?r^ -T— («' - 1)"'- (^ ) 



This important formula is entirely general and holds not merely when 
;r = cos 0, but for all values of .r. 
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84. The last result is so important that it is worth while to confirm it by 
obtaining it directly from Legendre's Equation 

V. (1) Art. 74. 

Let ns differentiate (1) with respect to oj a few times representing 

S ^^ ^'' ^2 by ^'^ ;^8 by ^"^ &c. We get 

(^ ~ "='> 1^ ~ ^-^'^ ^ + l^'^('^ + 1) - 2 (1 + 2)]«" = 0, 

and in general 

(1 - x^) -^ - 2(71 + l)x — -\- [m(m + 1) - 2(1 + 2 + 8 H h 7i)>(»> = 

^ Following the analogy of these steps it is easy to write equations that will 
differentiate into (1). 

dzi d^z^ iPz^ 

will differentiate intq (1), 

■ (^ ~ "^"^ ^' + ^•^'' ^" + f"*('^ + ^^ ~ ^•^>^ = ^ 

if differentiated twice will give (1), 

if differentiated three times will give (1), and in general 

(l-x^^ + 2(n - l)x ^ + [m(r« + 1) - n(7i - 1)] = (3) 

if differentiated n times with respect to x will give (1). 
If n = m-\-l (3) reduces to 

- x^"^^ + 2mx^^ = . (4) 

^ ax^ ax 
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and the (m + l)st derivative with respect to a; of any function of x which 
satisfies (4) will be a solution of (1). (4) can be written 

(l-a^^ + 2mxz„ = 

and can be readily solved by separating the variables and integrating, v. Int. 
Cal. (1) page 314. It gives 

Hence ,^^^^^"^-1)- (5) 

is a solution of Legendre's Equation (1) and agrees with the value of P^i^) 
obtained in Art. 83. 

85. The equations obtained in Art. 84 are so curious and so simply related 
that it is worth while to consider them a little more fully. 
We have seen that 

(l_,^g + 2«.| = • (1) 

differentiates into 

a-^')d^, + H^-'^>% + 2^ = <il (2) 

that if we differentiate (2) m times we get Legendre's Equation 

that if we differentiate (2) 2m times we get 

(l-.^g-2(«. + l).| = 0; (4) 

that if we differentiate (2) m — n times we have 

and that if we differentiate (2) m-\-n times we have 

By the aid of (1) we foui>4 in the last article a particular solution of (2), 
namely "^^ 
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If . we substitute in (2) « = u(x^ — !)"• following the method illustrated 
fully in Art. 18, we get as the general solution of (2) 

z = A{^ - ir + B(x^ - l)".J^-j^_ , (7) 

A and B being arbitrary constants. 

/ilx 
— — ^ ^^^ is easily written out [v. formula (42) page 6. Table of lute- 

grals. Int. Cal. Appendix]. If a; < 1 it vanishes when a: = 0. If a: > 1 it 
vanishes when aj = oo . If then a; < 1 (7) can be written 

X 

z = A(x^-iy'' + B(x--irfj^^^^, ' (8) 

and if a; > 1 

QO 

z = A(x» - 1)'" + B(x» - ir f ^^^ , , (9) 



X 



and in these forms unnecessary arbitrary constants are avoided. 
From (7) we can get the general solutions of (3), (4), (5), and (6). 

is the general solution of (3). 

is the general solution of (4). 

is the general solution of (5). 

is the general solution of (6). 

In each of these forms A and B are arbitrary constants and the integral is 
to be taken from to a: if a: < 1 and from a; to oo if a: > 1. 

Of course (10) must be identical with the forms already obtained in Arts. 16 
and 18 as general solutions of Legendre's Equation. 

Equation (4) is so simple that it can be solved directly, and we get its 
solution in the form 

which must be equivalent to (11). 
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• Comparing (14) with (7), the solution of (2), we see that every solution of (4) 
can be obtained from a solution of (2) by dividing the latter by (x^ — 1)"S or 
in other words that if we write (2) 

(l-.^)g + 20«,-l)a.| + 2,.« = 0, (2) 

and (4) as (i _ .^^ ^ _ 2(m + 1).t ^' = (4) 

X = si(x^ — 1)"' ; and the substitution of this value in (2) will give (4), and 

the substitution of z^ = .^ J_ ^^ in (4) will give (2). 

(x 1) " 

We have, then, two ways of obtaining (4) from (2) ; we may differentiate (2) 
2m times with respect to x, or we may replace z in (2) by Zi(x^ — 1)"'. 

If we use the first method, we have seen that Legendre's Equation (3) is 
midway between (2) and (4). That is if we differentiate (2) vi times we get 
(3) and if we then differentiate (3) 7n times we get (4). Let us see if the 
half-way equation in our second process is Legendre's Equation. 

If z = y(x^ — l)f 

and • y = «i(.x^ — l)f 

z = Zi(x- — 1) . 

So that if in (2) we replace z by y(x^ — l)f and then repeat the operation 
on the resulting equation we shall get (4). Making the first substitution we 
find, 

not Legendre's Equation but a somewhat more general form. Of course its 
solution is 

y = A(x^-l)^ + B(x^-l)lf^-^^,,^,. (16) 

(2) and (4) are special forms of (5) and (6). Let us try the experiment of 

substituting in (5) z = y(l — ic^)|' and in (6) z = ' ^ »! . We find that 
both substitutions give the same equation 

(l-..^g^-2.| + [».(«. + l)-^J, = «. (17^ 



/ 
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The solution of (17) can be obtained from either (12) or (13) and is 

y Q.-x%\^ dx'"-" ^ dx'"-" V- > J (j;^ - !)'«+' J f ^^^> 

ov 

which of course must be equivalent. 

86. In addition to the value of Fm(^) given in (1) Art. 83 there is another 
important derivative form which we shall proceed to obtain. It is 

P„(cos ^) = ^^ /--i)™ (i) . . (1) 

We have seen in Art. 75 that - — — can be developed into 

'*^l-2^^cos^ + ^' 



^2 



a convergent series if ri < r and that the (m + l)st term of that series is 

P ('cos 0)r ^ 

—^ — / ^ . Let us obtain this term by Taylor's Theorem. 



r^ r 



^1 /I I ''i V' ~~ 2rir cos d + r^^ ^x^ + 2/ + « — ^aj^i + r-^ 
cos d -\- —- 



)/(x - r,y + !/' + z' * 



Regarding this as a function of (x — 7'i) and developing according to powers 
of ri by Taylor's Theorem we get as the (m + l)8t term 

^"" V"" n'^^" r > ^ ='] ov ^^^^ n'^DJT (-) ' 
^- L\/x^ + f + zU ^- Vr/ 

Hence P.(cos ^) ^ (~:_1)»; /ly 

87. We have now obtained four different forms for our zonal harmonic^ 
a polynomial in x^ an expression involving cosines of multiples of ^, a form 
involving an ordinary mth derivative with respect to aj, and a form involving 
a partial mth derivative with respect to x. We shall now get a form due 
to Laplace, involving a definite integral. 



•a 



a — h cos <^ (a^ — 6^2 
if a' > h^ [v. Int. Cal. page 68]. 



f ^ = ZL-«, ' (1) 

J a — h cos 6 (a^ — b^z 
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— r, — ~r~2\i ^^^ ^ expressed in the form 2_72\^ ^^ taking a = l—zx 

and h-=.z Var^ — 1 and no matter what value x may have z can be taken so small 
that a^ will be greater than h^. Then by (1) 

1 If d^ __1 r d^ 

(1 — 2xz + z% irJ i^^x — z yjx^ — 1. cos <^ "^r 1 "^ K^ + V^'^- — 1. cos <^) 

= i- r[l + (ar + Var* — 1. cos «;^)« + (.r + \/.r'^ — 1. cos <^) V 

+ (•'• + V'i^'l. cos ^yz^ + • • -jc/i^ 

if z is taken so small that the modulus of z(x + ^x^ — 1. cos <^) is less than 1. But 

by Art. 77 (2) Pm(^) is the coefficient of z^ in the development of j , 

(1 — '2xz -\- z^)i 

It 

Pfx) = i r C* + Va;^ - 1- cos ^]«rf<^ . (2) 



By replacing <^ by ir — ^ in (2) we get 

P^(x) =-C[x — >Jx^ — 1. cos <t>y'd<t>, (3) 



and if mod - <C 1 or in other words if 



hence 

TT 





moa z ^ L ^ ^^ ^g^j^ 1^ developed into a convergent series involv- 

1 /1\"* 

ing powers of - ^ and the coefficient of i -I will be FJ^\ but this will be 

the coefficient of ;r-*"~^ in the development of ^ ^ i according to 

descending powers of «, mod z being great er than 1. 

If now we let a=izx — \ and ft = « ^x^ — 1 , u'^ — Ir- = 1 — 2£z + z^ and 
« may be taken so great that a^ — ft* > 0. Then by (1) 

1 —If ^^^ 

(1 — 2xz ■^z')\~ irj .x — \— z )/x' — 1. cos <f» • 



_ 1 /* d^ 

"Y z(x — Va-2 - 1. cos <^) Tl — J— 1 

^ L ^(.:c — v/.t2_ 1 cos ^) J 



= 1 f ..i r.-i+ =i^ 

•^Z (a- — V^a-2 — 1. cos ^) L (a-^ — V-r'-^ ~ 1. 



z 



+ 



—i 
cos <^) 

1 



(a- — Va*^ — 1. cos <^)' 



'^~'H — "1<^<^ 



J 
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COS <^] 



m+l 



n 

and the coefficient of ^""""^ is — I , 

IT 

Hence - Pm(x)=='C p=^ — • W 

Keplace ^ by tt — ^ and we get 

P^(^) = i f — ^^ (5) 

88. In the problems in which we have already used Zqnfd Harm onics , 
(v. Arts. 78-81) we have been able to start with the value of the Potential 
Function at any point on the axis of X, and it has been necessary to develop 
the expression for V on that axis in terms of ascending or descending powers 
of X. If, however, we start with the value of V in terms of $ for some given 
value of r, that is on the surface of some sphere, we must develop the function 
of in terms of zonal harmonics of cos (v. Art. 10), and our problem becomes 
the following: — To develop a given function of cos 0. in terms of zonal har- 
monics of cos $, or to develop a given function of x in terms of the functions 

Pm(^)f ^ lyiiig between 1 and — 1. 

The problem resembles closely that of developing in a Fourier's series, 
which, we have already considered at such length. 

Let f(x) = AoP,(x) + ^jPi(a;) + A^P,(x) + A,P,(x) + ■■■ (1) 

for all values of x from — 1 to 1 and let it be required to determine the 
coefficients. 

If f(x) is single-valued and has only finite discontinuities between .r = — 1 
and x = l we may proceed as in Art. 19. 

Let us take n-{-l terms of (1) and attempt to determine the coefficients. 
Take n-{-l values of x at equal intervals Ax between x = — 1 and x = l 
so that (n + 2)Ax = 2; /(- 1 + Ax), ' /(— 1 + 2Ax), /(— 1 + 3Ax), - • • 
/[ — 1 + (n + l)Aaj] will be the corresponding values of f(x). Substitute 
these values in (1) and we have 

f(-l + Ax)=AoPo(-l + Ax) + AtP^(-l + Ax) 

+ A,F,(- 1 + Ax) + ' " + A„P„(- 1 + A.r) 
/(— 1 + 2 Ax) = AoPoi— 1 + 2^^) + --^i^iC ~ 1 + ^^^) 

+ A,P,(- 1 + 2A;r) + • • • + AJ\(- 1 + ^M 

• •••• •• • 

««••• •• • 

/(I - Aa;)'= ^<^o(i - Aa;) + ^,Pi(l'- Ax) +' A^P,(^ - Xr) + ■ ■'■ 

» 

that is, ?A + 1 equations from which in theory the n -{- 1 coefficients 
Aft. Ai, " • A J, can be determined. 



K2) 
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Following the analogy of Art. 24 let us multiply the first equation by 
P^(— 1 +.Aic).Aa;, the second by P^(— 1 + 2Aic). Aa; , the third by 
P^( — 1 + ^^^)-^^? &c., and add the equations. The first member of the 
resulting equation is 

2/(- 1 + *^)-Pm(- 1 + A;Aa;).Aa; , (3) 

and the coefficient of any A as A. in the second member is 

9 

i = n+l 

X-Pm(- 1 + kAx)P^- 1 + kAx).Sx. (4) 



k=l 



If now 71 is indefinitely increased (3) approaches as its limiting value 



p(x)P„{x)dx (5) 



— 1 
1 



and (4) approaches I P^(x)Pi(x)dx. (6) 

—1 

We have now to find the value of the integral (6) or as we shall write 
it for the sake of greater convenience 

1 
^P„(x)P„(x)cb:. 

— 1 



-1 -1 

by (1) Art. 83. 
1 



/ dr{x^ — ly d^(x^ — 1)^ __ F d^'ix^ — l)"* d"-\x^ — iy n 
doif ' daf ^— [_ ^^m ^l^n-l J 

-1 -1 






by integration by parts. 
Now if ;? = X(.r2 — 1)» 

dz 



^ = 2nxX(x'' - 1 )«-^ + if - 1)" ^= (^' - 1)"-^ r2n;rX+ (x" - 1) ^1 . (2) 

Hence the pth derivative with respect to x of any function of x containing 
(x? — 1)*^* as a factor will contain (f — xy-p as a factor if iy<in. 



) 
I 



Chap. V.] DETELOPMENT IN ZONAL HARMONIC SERIES. ' . 169 

— ^ _^ — — J then, contains (x^ — 1) as a factor and is zero when x = 1 
and when x = — i , so that (1) reduces to 

rd'^jx^ — 1)"* d^(x^ — 1)" ^ _ A^ '^ \x^ — 1)"' d''-\x^ — iy 

J d^"* dx^ ~ J dx"^-^^ ' daf'-^ 

-1 —1 

It follows that 

^d'"(x^ — 1)'" d^(x^ — l)** _ /__ ^Np rd^'^P(x^'-'l)'^ d''-P(x^ — 1)" 
J cZa?"* ' cbf ~^ ^ J dxT' + P ' dx*'-^' 



— 1 -1 

1 



If m < u Ave get from (3) 



— 1 



/ ^"^fr"^ — lyn cinQgA — 1)» ^ _ ^ ^ ^^ /cP»(a;^ — l)"* cg^-"'(a;^— 1)" ^ 



-I —I 



since __Z.=,(2m)!. 






If /M ]> ?i 

I 






,— 1 —1 



=(-'W. f-^£-T"- ]=o. 

— 1 

If, then, ??i is not equal to /i 

1 

Cp„(x)P„(x)dx = . 1^ 



— 1 

* 1 



If 7/1 = 71. we have to find i [^Pj^(x)Ydx. ^^ 

-1 ' : 

1 1 i-M 

I rp„Y.T)pc?a; = ,,., ^ .^^ I — ^ — ^ ^ — ^ r/irii.4^ 



— 1 -~i 



by (3), = (— l)»*(2m) ! (^(ic^ _ l)™^?^.*.—..^ o. 
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1 



C(T^ — l)"«cte = C(x — !)'«(« + l)'^dx = TxA^ ■* l;'"-^(a; + l)'-+i(ir 



-1 -1 -1 

ml 



= <- 1)" (^ + l)(^ + 2)--2^/ (- + 1)"*^ 



= (- 1)"- 



— 1 



(m 4- IX'^ + 2) • • • (2w + 1) 



Hence jf [P«(aj)]^^ - 22-(w!)2 (m + l)(m + 2) • • • (2m + 1) 



or 

— 1 



/[p„(.)]«.^=2-;A_. y^ 



90. The solution of the problem in Art. 88 is now readily obtained, and 

we have 

f(x) = A,Fo(x) + A,F,(x) + A,F,(x) + "- (i) 

where A^ = ^^^^^ Jf(x)F^(x)dx . £) 



The function and the series are equal for all values of x from x = — l to 
x = l, and /(x) is subject to no conditions save those which would enable us 
to develop it in a Fourier's Series, [v. Chapter III.] 

Of course (1) can be written 

/(cos $) = AoFo(cos 0) + ^iPi(cos 0) + ^2 A(cos 0)-\ 

1 
2m + 1 /* 
where A^^ = — r — I /(cos ^)P^(cos ^)c?(cos 0) 

— 1 
or if /(cos 0) = F(e) 

F(e) = AoFo(co8 $) + ^iPi(cos 0) + ^2^2(cos $) -\ ' (3) 

where A,, = ^ i F(0)F^(co8 0) sin OM (4) 



and the development holds good from ^ = to ^ = tt. 

If f(x) is an even function, that is, if /( — x) = f(x) (1) and (2) can be 
somewhat simplified. For in that case it can be easily shown (v. Art. 77) that 



I 1 

j'f(x)Pu(x)dx = 2J'f(x)F^(x)dx, 

— 1 
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1 
and that j f(x)F^ ^ i(x)dx = ; 

— 1 
so that if /(— x) =f(x) 

f(x) = A^P^ix) + A^P^{x) + A^P^{x) + AP^{x) + • • • ^ (5) 



where 



1 
A^ = (Ak + l)ff(x)P^(x)dx . • (6) 



If f(x) is an odd function, that is, if /(— x) = —f(x) it can be shown in 
like manner that 

f{x) = A, + A,Pt(x) + A,P,(x) + A,P,{x) + • • • ' (7) 

1 

vhere. A^.^, = {4.k-\-»)^f(x)P^^^{x)dx. (8) 

U 

If it is only necessary that the development should hold for < a; < 1 any 
function may be expressed in form (5) or (8) at pleasure. 

1 
We can establish the fact that j P^(x)P^(x)dx == by a more gen- 

— 1 
€ral%ethod than that used in Art. 89. 



Let .SL be any solution of Legendre's Equation 




d 
dx 



dzl 

(1 - x^) ^ J + m(m + 1)^ = [v. (1) Art. 16]. 



which with its first derivative with respect to x is finite, continuous, and 
single-valued for values of x between — 1 and 1, — 1 and 1 being included. 

and • |[(i_,.)^-]+,(„ + l)X„=0. (2) 



Multiply (1) by X„ and (2) by X^ and subtract and integrate and we get 

1 1 

-I 



_i _i 



/ 
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Integrate by parts, 

1 

|-,„(^ + 1) _ ,,(n + l):\Cx„XJx = VX„(1 -^')-^- ^„(1 - ^^ -jfj^^ 

— 1 ^ 

— 1 —1 

1 

Whence Cx^X„dx=:=0 (4) 

—1 
unless m = n, 

(3) gives at once the important formula 

J ^"•^"'^ - m(m + 1) - «(;* + 1) (5) 

from which come as special cases 

JF„(x)P„(x)dx = - m(m + l)-u(n + l) («) 

X 

and since Po(^) = 1 

1 (1 - x^) ^^^ 

/P^(x)dx = ; r-^ 

X 

unless m = . 

EXAMPLES. 

1 

1. Show that I P^(x)dx = if m is even and is not zero. 

-^ aV^ 1 3.5.7. '--m . 

"■ ^ ^^ m(m + 1) 2.4.6. • • • (m - 1) '^ "^ '' 
odd. V. Art. 91 (7) and Art. 77 (10). 

2. Show that 
1 

I Pj^(x)Pj^(x)dx = if m and n are both even or both odd. 



w -t-n-H -iw ' -jj f 

= /_- 1) 2 !?iiii: 



(7) 



2«»+»-i(^ - ,,)(,;, + ,, + i)gty(^jy 



V. Art. 91 (6) and Art. "il (8), (9), and (10). cf. J. W. Strutt (Lord Rayleigh) 
Loud. Phil. Trans. 1870, page 579. 

3. Show that C\_P^{x)Jdx = I v. Art. 89 (5). 

•/ 2m + 1 
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» * • 

92. Formula (4) Art. 91 can be obtained directly from Laplace's Equation 
by the aid of Green's Theorem (v. Peirce's Newt. Pot. Func. § 48). 

Take the special form of Greenes Theorem [(18) § 48 Peirce's Newt. Pot. 

Func] 

fffC^V"" V - VV U)dxdydz =f( UD^ V - VD„ U)ds (1) 

where V^ stands for (D^ + ^y + I>r)i ^n is the partial derivative along the 
external normal, and the left-hand member is the space-integral through the 
space bounded by any closed surface, and the right-hand member is the surface 
integral taken over the same surface, (v. Int. Cal. Chapter XIV.) 

If ?7and F are solutions of Laplace's Equation V^F=V^?7=0 and (1) 
reduces to 

. C{ UD^ V-VD^U)ds = 0. (2) 

Now r"*X^ and r^X^ are solutions of Laplace's Equation if ir = cos $ 
(v. Art. 16). 

If the unit sphere is taken as the bounding surface and U=7*'^A\^ and 
r=r»Jr„ (1) and (2) will hold good. 

D„V=nr—'X„, 

m 

(h=. sin 0.dOd<l}, 

2ir n 

and (2) becomes I (^<t> \ {^^m^n """ ^-^m-^«) siii^.c?^ = 



u 



27r(7i — m) Cx^X^ sin OM = . (3) 



or 



Since x = cos $ , sin 0,d$ = — dx and (3) reduces to 



/ 



X^X„dx = 0* (4) 



unless m=zn. 



93. We can now solve completely the problem of Art. 10 which was in 
that article carried to the point where it was only necessary to develop a 
certain function of in the form 

AoFo((*'Os 0) + .4iPi(cos $) 4- ^2^2(cos 6) + "- 

* It should be noted that this proof is no mOre general than that of the last article, for, in 
order that Green's Theorem should apply to r™X^, this function and its first derivatives must 
be finite continuous and single-valued within and on the surface of the unit sphere, (v. Peirce, 
Newt. Pot. Func. § 48.) 







ZONAL HARMONICS. [Art. 94- 



given that /(*) = ! ^rom ^ = to = ^ 

and f(0)=0 from ^ = ^ to ^ = 7r. 

This amounts to the same thing as developing F(x) into the series 
F(x) = APo(a^) + APi(x) + A^P^(x) + A^P^^) + . . . 
where ^(^) =^ ^ from r = — 1 to aj = 

and -^(^) = 1 from a; = to .r = 1 . 

By Art. 90 (1) and (2) 

1 1 

Ao = ^CPo(x)dx = 2 J^ ^ 2' 



and any coefficient -4^ = — - — I P^(x)dx. 

By Art. 91, Ex. 1 

I P^(x)dx = if m is even 



"t-i 1 3 5 7 • • -m 

^ ^ m(m + 1) 2.4.6. • • • (»i — 1) 

Hence A^ = if m is even 



■^m 



^ !L=J2w + l 1.3.5. • • • (m - 2) ., . ,, 
= (-!>' 2^+2- 2.4.6. •••(m-1) ^^ ^ ^^ «dd. 

Then F(x) =\ + \ P,(x) -l.lp,(x)+^.'^ F,(x) -■■■ (1) 

and ^ = 1 + 1 rP,(coB 0) - ^ • ^ r«P,(cos «) + § • || '^ACcos «) + ••• (2) 
for any point within the sphere. 

94. If in a problem on the Potential Function the value of V is given at 
every point of a spherical surface and has circular symmetry * about a diameter 
of that surface the value of V at any point in space can be obtained. 

We have to solve Laplace's Equation in the form 

rD^\r V) + g-T^ De(sm 0DeV)==O (1) 

* See note on page 12. 






I 
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subject to the conditions 

V^=f($) when r = a 

F=0 " r=oq. 

We have /{$) = ^(hPo(cos 6) + ^iPi(cos 0) + ^2A(cos ^) -j 

where A^ = ?^^ii Cf($)P^(G08 6) sin d.f^^. v. Art. 90 (4). 



Hence 
V= Jo + A^ {^ Pi(cos ff) + A 0'a(cos ^) + A 0)'a(cos ^) + • • • (2) 

is the required solution for a point within the sphere, and 

r= A„ g) + A, (;) Pi(cos 0) + A^ 0) P^cos (?) + .4, 0) P,(cos tf) + • • • (3> 

is the required solution for an external point. 

EXAMPLES. 

1. If on the surface of a sphere of radius c F is constant and equal to a 

CLG 

show that F=a for any point within the sphere and F== — for any 

external point. 

2. Two equal thin hemispherical shells of radius c placed together to form 
a spherical surface are separated by a thin non-conducting layer. Charges of 
statical electricity are placed on the two hemispheres one of which is then 
found to be at potential a and the other at potential b. Find the value of the 
potential function at any point. 

F=- 2-+(6-«)|_4gA(cosi?)~-.^-3P8(cos^) 

,11 1.3/^^ . .. -] 

for an internal point 

F= ^-. - + (6 - «) [_ j ;5 ACcos «) - g- 2 ;i -P«(«os <>) 

, 11 1.3 c» . .- -| 

for an external point. 



'~\ 



J 



176 ZONAL HARMONICS. [Art. 94. 

3. If Vi =/(cos 0) when r = a and Fi = when r = /; show that for 



a<r<b 



^1 = X^ml — n ~" r- )( — r-, — 7— ) ^m(cos 0) 

>M = 

where ^„, = — - — | f(x)P^(x)dx . 

— I 

4. If V2 = i^(eos ^) when 7* = /; and Fg = when ?• = a then for 

tn=0 

where Ji„ = '^^^^fF{x)P^{x)dx. 

— 1 

5. ^If the value of the potential function is given arbitrarily on the surfaces 
of a spherical shell but has circular symmetry * about a diameter F= F, + J "2 
(v. Exs. 3 and 4). 

6. Two concentric hollow spherical conductors are insulated and charged. 
The inner one of radius a is at potential p, and the outer one of radius h is at 
potential q. Find F for any point in space. 

•F=^> if r < a , 

r=-^(*-l) + -lL(l_«) if a<r<h, 
— a\r / b — a\ rf 

r=^' if r>b. 
r 

7. If F=0 on the base of a hemisphere and F=/(cos^) on the convex 
surface, show that for a point within the hemisphere 



*=0 

1 



where ^jx- + 1 = (4A; + 3) Cf(x)F^. + , (.r)rf,r [v. Art. 90 (8)]. 


8. If the convex surface of a solid hemisphere of radius a is kept at the 
constant temperature unity and the base at the constant temperature zero 
show that after the permanent state of temperatures is set up the temperature 
of any internal point is 

.^ = --P,(cos^)-j.--3P3(cos^) + -^.2;4-3i>.(cos^)--.- 

* See note on page 12. • 
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9. A sphere of radius a and with blackened surface is exposed to the direct 
rays of the sun in air at the temperature zero. Find the stationary temperature 
of any internal point. 

Suggestion: D^u + ^w — ^f(fi) = when /• = cr. 

^„-P„(cosO), and /(0)=2^„P„(eos 0). 
Then we have 

^m ^ P^(cos $) + h ^A^P^(cos e)-M ^ A»^m(cos 0)=0, 

whence A^ = — - 

a 
Here f(0)=: cos if 0<^<^ and f(0) = i) if ^<6»<7r. 

/W =4 + 2 ^^^""^ ^^ + li. ^^^'^''^ ^^ ~ 32 ^^^'^^^ ^) + • • • 

^ ^ ^^ (47c + 4) i2k - 1)2^ (n I)^ ^^^'^'"''^ ^^ + 

V. Art. 91 Exs. (2) and (3). cf. J. W. Strutt (Lord Eayleigh), Lond. Phil. 
Trans, vol. 160, page 587. 

95. The formulas of Art. 90 enable us to develop a given function of x in 
terms of Zonal Surface Harmonics, the development holding true for values Of 
X between — 1 and + 1. If, however, we can show by outside considerations 
that a given function of x can be expressed in Zonal Surface Harmonics, the 
development holding true for all values of x, the formulas of Art. 90 will give 
us the development in question. 

For example if ti is a positive integer x^ can be expressed in terms of Zonal 
Surface Harmonics no matter what the value of x, and no Harmonic of higher 
order than n will enter. For the formulas giving the values of Pi(x)^ P^ix),-" 
Pn(^) (v. Art. 77) may be regarded as n algebraic equations of the first degree 
in terms of x, x% x^, • • • x^ and Pi (a;), P^i,^)^ '"^n(^)' 

From these equations the n — 1 quantities a;, a;^, a;',- • -a;"" ^, can be elimi- 
nated, and there will result an equation of the first degree in x" and Pi (a-), 
P^ix),"' Pn{^)i which will enable us to express x^ in the form 

A, + ^iPi(a^) + A.P,ix) + • • • + A,P,(x) , 

no matter what the value of x, and we shall have the same formula when 
— 1 < a; < 1 as when aj > 1 or a? < — 1. 
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Let us obtain this development. By Art. 90 (1) and (2) 

X- = A^,{x) + A^P^ix) + A^P,(x) + • • • (1) 

1 
where- A^^-^^^^^^^ \x''P^{x)dx,' (2) 



— 1 
1 



Then A^ = -^ ^^ J x- ^ ^^ ^ dx by (1) Art. 83. 



— 1 



By integration by parts we get 

1 1 

ic« ^ ^^ ^ c^a; = w.(/i — X){n — 2) • • • (n — r/i + 1) j a;«-"»(l — x^^dx , (3) 

— 1 —1 

if w< n + 1 J 

= if m !> 7i. 
By integration by parts we readily obtain the reduction formula 

1 1 

= _?i_ fa;^ + VI — ic2)« - Hx whence 

— 1 —1 



Cx''{\ - x^-dx = -Xt/'''' * '(^ ~ *')'" ''^^ 



1 



J (n — m + 1)(^ — m + 3) • • • (w + wi — 1)*/ 

^ —1 

1 

/2 
x** "^ "*c?ic = — ; r— . if 7i + /M is eveu , 
n-\-m-\-l 



— 1 



= if n-\-m is odd. 



Hence ^ (2m + lVfa-l)(n-2) •• -fa-z/^ + l) 

*" (/I — m-\-V)(n — m + 3)(7^ — m -\- o) - " (ii -{- m -\- 1 

if /?2. *< n + 1 and m 4- n is even, 

= if m !> /i or if m + ^ is odd. 



Therefore 

n\ 



- i;3.5 • • • (2« + 1) [P- + 1)^«(^) + (2- - 3) ^^ ^.-.(-) 

+ (2n - 11) (2>^ + l)(^^-l)( 2!LrJJ p. _„(.) + . . .] ^,) 

the second member ending with the term . ^ Po(^) if ^^ is even and with 

3 ?i + 1 

the term — *-r-7: PiM if /i is odd. 

71 -\- Z ^ 



(5) 



Chap. V.] USEFUL FORMULAS. 179 

For convenience of reference we write out a few f>owers of z. 

a;" = 1 = I-^^x) 
X = P^(x) 

a^=|p,(ar)+|p,(a;) 

«* = ^ P*{x) + i P,(x) + \ P,(x) 

^' = §i ^(a:) + P P,(x) + ^ P,(x) + ^ P,(x) 

If a given function of x can be expressed as a terminating power series it can 
be developed into a Zonal Harmonic Series by the aid of (4). Given that 

f(x) = ao + (i\^ + <^2^^ + ^a^'* H 1 

let f(x) = ^0 + B^P,{x) + ^2^(0:) + B,F,{x) + • • • ; 

then picking out carefully the coefficient of Pm{^) we have 

o ___^i!_ r^ I (m + l)(m + 2) 

"* "" 1.3.5. • • • (2m - 1) L "* ^ 2.(2m + 3) "' + ' 

(m + l)C^^ + 2)Cm + 3)(m + 4) . "I 

^ 2.4.(2w + 3)(2m + 5) ^« + 4^ J* W 

96. The development of — y-^ is useful and is easily obtained. 
Let ^^^ = J„Po(^) + A^P,{x) + ^,P,(x) + • • • 

1 

r.,, 4 2??i + 1 /»-, , . dPJx) , 

Then J^ = — y^ J Pm{^) -^^ ^ (1) 

by Art. 90 (2) ; 

1 1 

Jp„(a;) ^-^ dx = [P„(x)P„(x)r [ -fPn(x) ^^ dx. (2) 
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[P^(a;)P„(ic)] =0 if m -\- n is even 

ar= — 1 

= 2 if m-{-n is odd. 

dP (x) 
Since Pn(^) is an algebraic polynomial of the nth degree in x, — v^ is an 

algebraic polynomial of the n — 1st degree in x. Therefore in (1) m is less 

dP (x)- 
than 71 ; consequently — ?*^ is an algebraic polynomial in x of lower degree 

than n and i 

Cp„(x) ^^^ dx = by Art. 95 (3). 



— 1 



We get then A^ = 2m + 1 if m-{-n is odd and m <C n, 

= if VI + n is even or ni'> n — 1 ; and 

^^ = (2n - l)A_i (a:) + (27. ~ 5)P„^3(^) + (27. - 9)P,,_,(x) + --• (3) 

the second member ending with the term SPi(x) if n is even and with the 
term Po(x) if n is odd. 

From (3) a number of simple formulas are readily obtained. For example 

^%^^-^^^ = (2n + l)P„(x) (4) 

1 

■ fF„(xyx = ^^ lP„-^(x) - P„ + ,(x)] . (5) 



X 



(2n + l)^^^^ = ^^%^^ + (7i + l.)5^^?^^^ (6) 

^ ^ dx dx ^ "^ dx 

[v. (4) and Article 77 (12)]. 

[v. (5) and Article 91 (7). 

97. By the aid of the formulas of Art. 96 a number of valuable develop- 
ments can be obtained. 

Let us get cos nO and sin nO n being any positive real. 
z = cos nO and z = sin nO are solutions of the equation 

dO'^ 



J 




Chap. V.] ADDITIONAL DBVEL0PMP:NTS. 181 

or if we let x = eos $, of the equation 

Let aoPoix) + aiPi(.r) + a^Pnix) + • • • 

be the required development of cos n$ or of sin n$. 



»!=: 3D 



Then X «m [(1 - ^') ^^^^ - -^ ^^^T^ + '»'^».(*)1 = ^y (!)• 

"^ L (i^ dx J 

s; = Pmii^) i^ ^ solution of Legendre's Equation (v. Art. 77). Hence 
and (1) becomes 



ma= OD 



m=0 

Formulas (4) and (6) of Art. 96 enable us to throw (2) into the form 



»i= OB 



-m'dF„^,{x) n^-{m-\-iydP„_, (x) 



"'|2m + l dx 2m + l dx \~ ' ^"^^ 

»n= 

dp (x) 
(3) must be identically true. Therefore the coefficient of — "V"^^ ^ must 

cue 

I 

equal zero, and we have 

2m -{-5 n^ — m^ 



If we are developing cos t^^ 



am. * (4) 



ir 

«o = 9 I CCS nO ^\n$.d$ by Art. 90 (4), 





IT 



= W'Csin {n -\-\)e — sin (71 — 1)6^0 , 



u 



11+ COS mr ,^. 



TT 



and 



«! = ^ j cos 71^ cos ^ sin $,d$ by Art. 90 (4), 



3 1 — cos nTT .^. 



\ 



^ 
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(4), (5), and (6) give us 

cos «6I = - _ ^^ |^P«(co8 0) + 5 ^zr^i ^^('^^ ^) 

(n'-l^)(n^- 3S -1 

^^ -^^ («s _ 42) (,j2 _ 62) ^'(cos t>)-t J • (' ; 

If » is a whole number 1 -|- cos tott or 1 — cos mr will vanish and the series 
will end with the term involving P„(cos ff). For this case (7) may be rewritten 

» 

1 2.4.6.•••27^ r jiN-r,/ >,x 
"^^ "^ = 2- 3.5.7. • • • (2n + 1) L^^'* + ^^^"^'''' "^ 

+ (2« - 3) ^!l^;l2)' ^-^(*'^' ''> 

+ (2n - 7) 1^"" ~ ^^ + ^>'Jr'^'- (» - 1)'] P (cos0) + -'] (S) 



[m*— (w — 2)»; 
If we are developing sin n0 



IT 



1 r • /} • /} ^/i 1 sin WTT 

tto = o I sin 71^ sin 6,d0 = — - • -j^ — - 

. 



w 



«! = - I sm 7^^ cos ^ sin 0,dO = -• -^ — 



in 7i6> = - - . ^^^ZTi [__^o(cos 6>) + 5 ^i^i^^ ^2 (cos (9) 



and 



+ 9 (^i-=^3^(^r)^.(cos <>)+•••] 



+ 1- ^fe5 [3A(cos <>) + 7 ^|>3(cos 0) 

(M'-r)(n'-3^) -I 

^ (w'^ - 4^)(«'-' - G^) ''^ ^^ + J ■ ^' 

If n is a whole number sin nir = , and all the terms of (9) vanish except 
those involving P„_,(cos S), P„^.i(cos &), P„ + 3(cos ff) &c., which become inde- 
terminate. For this case it is necessary to compute a„_j independently. 



{ 
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We have 

2fi j^ /» 

a,_i = — ^ — I sin n$F^^^(cos 0) sin O.dO 

271 — 1 




n 



4 





• r[cos (n — 1)0 — cos (n + l)^]P„_i(cos e)de. 



and 

'"' ^^ = 4' 2.4. • ' ' (2n - 2 L^^"" ~ ^>^-^("^' ^> 



2_/« — .i\a 



+ (2'^ + 3) :._g + 2K ...(cos<>) 



■i-{^^-\ ') (-„, _ (^ ^ 2)«][n» - (« + 4)«] ^- + ''■'"'^ ^'^ + J • <^^"^ 



EXAMPLES. 

1. Show that 



csc« = J [l + 5 (I) ^(cos ^) + 9 (||)V,(cos (9) + 13 (|||)'^.(cos <>) + ••] 



whence 



vT 



b = ? [' + ''^ ©^^^(^) + ' (i)'^^^^) + ^' {lll)^^'(^) + • • •] 



[v. Art. 90 (4) and Art. 82]. 
•' 2. Show that 



ctn ^ = ^ [3 @Pi(cos 0) + 7 (f)(|)'A(cos 0) + 11 (|)(g) V,(cos ^) + • •] 



whence 



vT 



= = f [' ©-.(') + ' (i)©"^-« + " ©(M) '-.« + • •] 



[v. Art. 90 (4) and Art. 82]. 

3. By integrating the result of Ex. 1 and simplifying by the aid of Art. 96 
(5), obtain the development 



sin~^ 
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whence = ^ [Po(co8 6) -3 (|) P,(cos (?) - 7 (^)'-Ps(cos 6) 

4. By integrating the result of Ex. 2 and simplifying by the aid of Art. 9^ 
(5) obtain 

^-?[^Ki)©'^-('>-Kl)(r4)V) 



whence 
sin 



^ = 1[1 A(cos tf) - 6 (i)(^) A(cos <)) - 9 (|)(lj) V,(cos (9) - • • •] . 

To make clearer the analogy of development in Zonal Harmonic Series with 
development in Fourier's Series we give on page 185 a cut representing the 
first seven Surface Zonal Harmonics Pi(cos $), PgC^os 6), • • •P7(cos $), which 
are of course somewhat complicated Trigonometric curves resembling roughly 
cos Oj cos 2d, • • • cos 7d; and on page 186, the first four successive approxi- 
mations to the Zonal Harmonic Series 

i + 2p,(cos(9) -^. |Pa(cos<?) +i|. ||i>.(co8<?) - tXl 

[v. (1) Art. 93], and 

I [Po(cos 6) - S (I) P,(cos (?) - 7 (^)'a(co8 6) 



(V. Ex. 3 Art. 97). 

TT TT 

[i] is equal to 1 from d = to ^ = o » and to from d = ^ to d = tt; and 

[ii] is equal to from $ = to O-^tt, 

The figures on page 186 are constructed on precisely the same principle as 
those on pages 63 and 64, with which they should be carefully compared. 

98. By applying Gausses Theorem (B. 0. Peirce, Newt. Pot. Func. § 31) or 
the special Form of Green's Theorem, 

f f f"^^ Vdxdydz = Cl),, Vds = — ^irCCCpdxdydz, 
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186 
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O 



It 



O 



n. 






V. page 184. 



o 



n 







• xy* 



TC 



'xy- 



Tt 
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[Peirce, N. P. F. § 49 (149)] to a box cut from an infinitely thin shell of 
attracting matter by a tube of force whose end is an element of the surface of 
the shell we readily obtain the important result 

47r/0K = i^^Fi-D^Fj. (1) 

where p is the density and k the thickness of the shell, Vi the value of the 
potential function due to the shell at an internal point and V^ its value at an 
external point, and where 2>„ is the partial derivative along the external normal 
to the outer surface of the shell. 

If we have to deal with a surface distribution of matter we have only to 
replace pK in (1) by cr where cr is the surface density, whence 

47r(r = A,^i-^«^2 (2) 

(V. Peirce, N. P. F. §§ 45, 46, and 47). 

Formulas (1) and (2) enable us to solve problems in attraction when we 
know the density of the attracting mass, and problems in Statical Electricity 
when we know the distribution of the charge, by methods analogous to that of 
Art. 94. 

For example let us find the value of the potential function due to a thin 
material spherical shell of density p and radius a. 

Since V must be a solution of Laplace's Equation and must be finite both 
when r ^ and r = oo we have 

Vi and V2 must approach the same limiting values as r approaches a. Hence 
or B^ = A^a''^^\ 

D„ V, = A. V, = -5(»» + 1) -^-— p„(cos e). 

Therefore by (1) 

if K is the thickness of the shell. 



188 ZONAL HARMONICS. [Art. 99. 



Let p =/(cos 0) =2 ^m^m(COS 6) 



2m + 1 



Zm -+- 1 /• 

where C„ = -^jf(x)P^(x)dx by Art. 90 (2). 

— 1 

Then Attk C^ = (2m + l)^^a'" -^ ,, and 



and 



and 



a 






99. We can now get the value of the potential function due to a spherical 
shell of finite thickness, provided that its density can be expressed as a sum of 
terms of the form Cr*P^(cos ^). 

Let a be the radius of the outer surface and h be the radius of the inner 
surface of the shell. 

1st. — Let p = Cr*P,„(cos ^). Then for the shell of radius s and thickness ds 

Fx = iirsds 2^^pi p;, ^m(cos ») by (3) Art. 98, 

and V, = ^TTsds ^^^ ^, P^(cos $) by (4) Art. 98. 

Then if r < * 

h 

if /• > a 

J ' (2m + 1) (A; + m + 3) r»' + i ' ^^ 



ft 
and if b<i r<ia 



4.jf(J p^Jt + TO + 8 f^ + m + . 



J ' 'J ' 2m + lL(A; + w + 3)r'»+' 

6 r 

ffk—m + 2 .^Jt — TO + 2 ~| 

2d. — If /o =2i ^nJ^^mli^^^ ^) *^® solutions will consist of sums of terms of 
the forms given in (1), (2), and (3). 
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EXAMPLES. 

1. If the shell is homogeneous 

V=27rp(a^ — b') if r<b, 

4 1 M 

F=^7rp(a«- &«)- = — if r>a, 
3 ' ^ r r 

r=27r/ol a«-g-~J if h<r<a. 

2. If the density is any given function of the distance from the centre 

M 

r= — if r>a, and F=a constant if r<.b, 
r 

3. If the density at any point of a solid sphere is proportional to the square 
of the distance from a diametral plane 



--"^K+r^^-c— )] " 



r'> a. 



4. If the density at any point of a solid sphere is proportional to its distance 
from a diametral plane 

if r'> a. Compare Ex. 2 Art. 80. 

100. We have seen in Art. 18 (c) (3) that 

(i-.')[P4.)P ' <i) 

' /^ doc 

no constant term being understood with | ^ . 

-r oNr--r^ . ^-.o is a ratioual fraction and becomes infinite only for a? = 1, 

a; = — 1 , and for the roots of Pm(^) = ^ > ^^ of which are real and lie 
between — 1 and 1, as can be proved by the aid of the relation 
_ , 1 d»^(x^ — l)'^ 

^tnW 2'»m! dx"^ 

30 

/dx 
— oxr-T^ . ^ is finite and determinate and contains no 
(l--^-)C-^m(«)] 

constant term. Hence if x^'> 1 

for the constant factor of Qm(^) has been chosen so that C = — 1 . 
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If x^ < 1 the second member of (2) is not finite and determinate, and we 
are thrown back to the form (1), and C proves to be unity. 

(1) gives us readily 

Q,(x) = i log j±^ (3) 



<2,(a,)=-l+|log^ (4) 

it x^<l. 

(2) gives us Q,(x) = \ log |±i (5) 

<?,(x) = -l+|log|±i (6) 

if «»>!. 

From Art. 85 (10) it follows that 

^ dx'-'V} ' J (x-^-iy^'A 

X 

C can be determined and is equal to ^^ T^TT? ' ^^ x^<.l, and is equal 

to -^^ 7K-T-, II X^>1. 

(2m) I 
Hence g„(.) = i_2^_ _ L(.^- 1).J (7) 

if x^<l, 

and (?„(.) = ^ (2,.)! ^ L^" l)"/ (^^IF- d ^^^ 



X 



if a;2>l. 

(7) and (8) give us for Qo(x) and ©i(a;) the values already written in (3), 
(4), (5), and (6). 

By the repeated application of the formulat 

(m + l)Qm + ,(x) - (2m + 'l)xQ^(x) + mQ^_,(x) = , (9) 

which may be obtained for the case where x^ < 1 from Art. 16 (13) and (14), 
and for the case where a;^ > 1 from Art. 16 (9), any Surface Zonal Harmonic 
of the Second Kind can be obtained from Qq(x) and Qi(x) as given in (3), (4), 
(5), and (6). 
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Analogous formulas for pj(x) and qjx) can be obtained without difficulty 
from Art. 16 (4) and (5). They are 

(m + iyq^^^{x) - (2m + l)xp^{x) ~ m^q^.^ix) = (10) 

and ^m+ i(aj) — (2w + l)2'm(«) — i?m-i(a;) = . (11) 

and they hold good for any value of m. 

EXAMPLES. 

1. Confirm the values of Qq{x) and Qi(x) given in Art. 100 (3), (4), (5), and 
(6) by expanding them and comparing them with Art. 16 (13), (14), and (9). 

2. If the value of V on the surface of a cone of revolution can be expressed 
in terms of whole powers positive or negative of r, V can be found for any 
point in space, cf. Art. 81. 

If F=2(^^^" + ;fe) when ez=a then 






3. If V^yiA^T^ 



^iA^r^ + ~^ when e = a, and F=0 when d = /3, 

F=V/^ r« 4- ^^ \r ^^fc^^ ig)-PmfcOS ^) - -^'mCcOS /3)e^(C0S ^) -] 

M " ^^*^7L^^(cosa)(2^(cos/3)-P^(cos/3)(?^(cosa)J* 

4. Find V for points corresponding to values of between a and p when 
F can be given in terms of whole powers of r for $=za and for = ^, 

5. Find by the method of Art. 16 solutions of Legendre's Equation of the 
form 

. = ,P,(.) = 1 + vi(^ (. - 1) + (" - '>"^:^ + f H" + ^> (. - D' 

(m-2)(m-l)m(m + l)(m + 2)(». + 3) ' 
T 2»(3!)'' '^ '' "^ ' 

. = _,P,(.) = 1 - !^i6^) (. + !) + ("- ^>"g-J^.^>(" + ^> (. + D' 

(r,^-2)(m-lMm + l)(m + 2)(»^ + 3) 

If m is a whole number, iP^^(x) = P^(x) and _ iP„,(aj) = (— l)"»P„^(aj) . No 
matter what the value of m, iP^ix) is absolutely convergent for — 1 < »• < 3 ^ . 
and _iP^(x) is absolutely convergent for — 3 < .r < 1 . 
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6. By the aid of (7) Art. 16 show that 



r= -T-- sin {n log r)k^(QO% 0) , 

F= -^ cos (n log r)A;„(cos 0) , 

Sr 

are solutions of Laplace's Equation 



}^= -— sin (n log r)Z„(cos 6) , 
F= -p cos {n log r)l„(cos 6) , 



rD.V^F) + -^-. i)^(sin ^D,r) =0, 
^ ^ sin ^ ^ ^ 



Ti'' 



*«(a^)=i'-i-hm(«) = l + 



2! ^ 4! 



, [>+(i)l-+(i)l-+©'] ., 



6! 



and 



^«(a^) = — 9'-i + m(aj) = a; + 



+ 



[-+(iy ][-+an[ --^(#)'] ,, 



A;„(a;) and Z„(aj) are convergent if x^ < 1, but are divergent if ic^ = 1. 
7. Show by the aid of Example 5 that 



F= -jz sin (w log r)^„(cos 0) , 

yr 

1 

F= -p cos (71 log r)ir„(cos $) , 

yr 



F= -p sin (71 log r)K^(^ cos ^) , 

yr 

1 

r= -T= cos (71 log 7*)jfir„(— - cos ^), 

yr 



are solutions of rD^r V) + -r— ^ i)^ (sin 0I)eV)=O 

^ ^ sin ^ ^ ^ 

if Jr„(a;) = iP_i ^ ,,(x) = 1 2^ (X - 1) 

2»(3!)2 



(x — 1)8+--- 



if 






s 
s 
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and 

•■+©" 

K,(- X) = _,P_i , ^(x) = 1 + ^ (X + 1) 

A„(cos^) is convergent except for O^ir, and 7r„(— cos^) is convergent 
except for ^ ^ . 

k^(x), ln{^)f Kn{x), and ^„( — x) are sometimes called Conal Harmonics, 
They are particular values of z which satisfy Legendre's Equation written in 
the form 



(>-»->£-^-|-(-+i)'=»- 



For an elaborate treatment of them see E. W. Hobson on "A Class of Spherical 
Harmonics of Complex Degree." Trans. Camb. Phil. Soc, Vol. XIV. 
8. If F=/(r) when d = )3, 



00 GO 



''=^rS^^P^^''^^^)''''^''^^-''^'-^^'^-^ '' '<^- 



-00 



9. If V=f(r) when = p and r<,a, and V=0 when r=a, 

._ 00 

r=-\/-r^xrel/(ae^)=^^5^sinaXsin(alog-)^^ if OKfi. 

— 06 

10. If F=/(r) when 6 = and a<r<b, and r=0 when r =z a 
and when r=.b, 



fRs Oe 



V—X'A -^'"•fcos g) r w7r(logr — log«) "| 
-^"^-A-^^cosiS) L log 6 -log a J 

IN^ 1 

where w' = ; ; and 

log b — log a 

- Ckfiae'^) sin . f'"'^ — dx ; if tf<^. 
lug 1/ — iug w >• J ^ log J — log a 
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11. If ^ > )3 COS must be replaced by (— cos $) in examples 8, 9, and 10. 

12. If V=^f(r) when = 13, and V=0 when = y, 



00 00 



-^/-/•:A-)|StS}^|^tS-w-io,», 



-» » 



if )8<e<y. 

13. If F=/(r) when = ^ and a<r<&, r=0 when = y and 
a<ir<ihy and F= when r=.a and when r=by 

(log r — log <i) 



m = 00 

^^y J A^m (cos ^)Zm'(cos y) — A;^'(cos y)^;n (cos 0) ^.^ m7r(lo 
^ A;,n'(cos fi)lm((ios y) — ^^^'(COS y)Z;„'(COS )8) log 

Ml = 1 



log a 



where m' ^ ^ — ; ^ and 

log — log a 

_ log 

^■- = log 6 - log a V r J *^-^(*^> "^'^ log 6 - log « '^^ ' 



if p<e<y and a<r<h, 

14. If V=f(r) when ^ = )8 and a<r<ft, and F— ^ when r= a 
and D^F+Ar=0 when r = b, 



m=s w 



. ^a (cos 6) y ^. 



^« (cos ^) 

m=l n» 



2(aJ + A'ft^) 



1 ^ 
log - 

a 



^•" - a,2(log J - log a) + A6[A6(log b - log a) + l]j "''^^'^ ^ ^'" ""•^•''•'' 
and a„, is a root of the equation 

a cos la log - ) + /i^ sin fa log - ) = v. Art. 68 Ex. 5. 






f 
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SPHERICAL HARMONICS. 



101. When we are dealing with problems in finding the potential function 
due to forces which have not circular symmetry * about an axis and are using 
Spherical Coordinates, we have to solve Laplace's Equation in the form 

rl>r\r V) + ^^ A(sin 6 D,V) + ^^ 7>| V= (1) 

[v. (xiii) Art. 1]. 

To get a particular solution of (1) we shall assume as usual that F is a 
product of functions each of which involves but a single variable. 

Let F= i?.©.<>; where R involves r only, © involves. only, and $ <^ only. 
Substitute in (1) and we get 

_r d\rK ) 1 V dOf 1 ^ ^ r. /on 

R dr' "^0sin(9 dd '^ ^ ^ixi" d<t>^'~ ^"^ 



r sin^ ^ <^^(y^) siu^ v"^ do) _ _ 1 ^ 
^ ^>'2 "*" dd " <Pd<l>^ 



r sin2 d^(rR^ . sin <9 ^V 6^<9 

or 



,+ «^ = (3) 



As the first member does not contain <f> the second member cannot contain 
<^, and as it contains no other variable it must be constant; call it n\ Equa- 
tion (2) is tten equivalent to the two equations 

d^ 

d<t> 

and ^?^) + _l_!t:L!l]__^=0 (4) 

R di^ ^® sin dO sin-^ 6 ^ ^ 

(3) has been solved before and gives us 

4>'= A cos n<f>-\- B sin n<f> (5) 

[v. Art. 13(a)]. 

The first term of (4) does not involve $ and the second and third terms do 
not involve r. 

* See note, page 12. 



I 

1 
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-zz \ ^ must, then, be a constant; we shall call it mim-^- 1) as in Art. 
K di*^ ^ 

13(c). Then (4) breaks up into 

d I sin Q 






and ShTtf-^ — == + 1 ^^C^i + 1) - ::t77^ I® = . (7) 

(6) was solved in Art. 13(c) and gives 

^ = ^,r^ + J5ir-"— ^ (8) 

If in (7) we replace cos ^ by /a we get 

the equivalent of 

(1 - ^> S - 2- 1 + [-(- + 1) - r^J ^ = « (^^) 

[v. (17) Art. 85], which was solved in Art. 85 for the case where m and n are 
positive integers and ti < w + 1. v. (18) and (19) Art. 85. 
From (19) Art. 85 we get as a particular solution of (9) 

e = (1 - ^a^" ^::5^) = sin" b"^^^ . (11) 

« 

if we restrict ourselves to whole positive values of in and n^ as we shall do 
hereafter unless the contrary is explicitly stated, and suppose m not less 
than n. 

A second but less useful particular solution of (9) is 

Combining our results we have as important particular solutions of (1) 

r= v^{A cos n^-^B sin n^) sin« % '^-^f^ ' (12) 

and r= -^ {A cos n^-\-B sin w<^) sin« ^ "~~ ' (1^^^ 

/ ('fit 

where m and w are positive integers and n < w +1. 



— M — 9 



m — n 
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102. sin« o'^^f^ or (1 — a')" '-^^^^f^ is a new function of /x, that is 

of cos 6, and we shall represent it by P^if^) * ^.nd shall call it an associated 
function of the nth order and mth degree. It is a value of satisfying 
equation (9) Art 101. 

By differentiating the value of -P,„(a-) given in (9) Art. 74 we get the formula 

^ * . (27n) ! sin« F (m — n)(m — n — 1) 

"' ^^^ 2'»m! (m — n) ! L^ 2.(2ni — 1) ^ 

(m - n)(m - n - IXm -n- 2 ( m - n - 3) _, "1 .^x 

^ 2A.(2vi — l)(2m — 3) ^ J^^ 

the expression in the parenthesis ending with the term involving x^ ii rn — 71 is 
even and with the term involving x if m — 71 is odd. 

For convenience of reference we giv6 on the next page a table from which 
P,^(/i) can be readily obtained for values of m and n from 1 to 8. 

cos w</>P„J(/x) and sin w</> P„^(/x), that is, 

cos 7i<f» sin" ^ ^^-^^ and sin 7Kf» sin« ^ ^^^^^ 

are called Tesseral Hai^monics of the mth degree and nth order, and are 
values of V which satisfy the equation 

^(^ + 1) r + -A_ 2),(siu eD»V) + ^^DlV=0 (2) 

or its equivalent 

m(m + i)r+7>^[(i-M^)i)^n + .-iir2 2>|r=o. (3) 

There are obviously 27n + 1 Tesseral Harmonics of the mth degree, namely 

^m(M), cos <^ sin $ ^^miffH , gin <^ sin '-^^^f^ 

^ dfi dfJL 

COS 2<b sm^ $ — TT^J Sin 2<f» sin^ $ — ") 

dfT dfi^ 

COS 3<^ sin8 $ ^!^4^ , sin 3<^ sin« $ '^-^^ 



d"^P (a) d"^F (ii) 

cos m<t> sin'« /'^^^ , sin m<b sin"* $ ."'^^^ - 



If each of these is multiplied by a constant and their sum taken, this sum 
is called a Surface Sjoherical Harmonic of the mth degree, and is a solution of 
equations (2) and (3). We shall represent it by F,„(/x, <^) or by Y„^($y <t>). 

* Most of the English writers represent this function by T"^{u). 
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m 



n = 1. 



3/t 



- (h^? - 1) 



2 (V - 3/.) 






21 
8 



(3;V - 30At8 H- S/x) 



8 



16 



(429/x6 - 495m* + 135^2 - 5) 



^ (llby? - 1001/Li5 + 385^8 - 35/*) 



n = 2. 



15/* 



15 



(7At2 - 1) 



— (3/i8 - fl) 



Table for 



/v. — •> 
n — o. 



15 



105/i 



f (V-l) 



^ (33/** - 18/t2 + 1) 



63 



(143/*6-110/x8 4- 15/*) 



^ (143/*6 - 143/** + 33/*2 - 1) 



315 



(ll/*3-3/*) 



315 

8 



(143/** - 66/*2 + 3) 



'^(39a*6-26/*8 + 3m)' 



y'" y^(/x, </>) and -^;;^i ^//i(/^> <^) ^^^ called Solid Spherical Harmonics of the 

mth degree, and are solutions of Laplace's Equation (1) Art. 101. 
- To formulate: — 

w = m 
n=0 



« = m 



or 



r,,(/*, </») = A,P„,{^l) +2[^« ^«s r.<^P-(/x) + B, sin n</»P„1(/*)] 



(5) 



n=l 



is a Surface Spherioal Harmonic of the mth degree. 

A Tesseral Harmonic is a special case of a Surface Spherical Harmonic, and 
a Zonal Harmonic a special case of a Tesseral Harmonic; Pmif^) being the 
Tesseral Harmonic of the zeroth order and the mth degree; it might be 
written P„^(/x). 

EXAMPLES. 
1. Show that 

reduces to 

(l-x^^,- 2(n + 1)^ ^ + ['«(»* + 1) - n(a + l)]y = 

if we substitute (1 — x^t}/ for «, even when rn and n are unrestricted. 



(\ 
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^"^^» = ^i^- 



d/i*> 



n = i. 


n = 5. 


n=:6. 


n = 7. 


n = 8. 


. 


• 




« 

1 










f 












k 


105 




1 






045m 


945 




r 




'fw 1) 


10395/A 


10395 






~ (13m« - 3m) 


T(^-v 1) 


135135/4 


135135 




7-\e6^ 26^+1) 


^•'f ^5.. .) 


^•^^,^=*Nl5.^ 1) 


2027025/* 


2027025 



2. Show that if in the second equation of Ex. 1 we let iy=S«it^ we get 

whence ^=Pm(x) and « = 2'^(^) are solutions of the first equation of Ex. 1, 
no matter what the values of m and n,, if 






X' 



(ni — n)(m — 7i — 2)(m -{-n-\- l)(m -\-n-\- 3) ^ *1 

+ 4! -a:--J 



and 



«/ N /I 2\»r (m — n^ l) (m + n + 2) 
ql{x) = (1 - a;^i |_aj - ^" ^5 aj» 

(m — 71 — l)(y/i — 71 — 3)(m + /^ H~ 2)(y/t + n -|- 4) ^ "] 

+ 5! ^ J* 

If m — n is a positive integer, ^5(«) or ^'^(a;) will terminate with the term 
involving a?"*"", and in that case 

^ ^^ L 2.(2r/i — 1) 

(m-n)(m--7^ -l)(m- n^2)(m-n- 3) _, "I 

^ 2.4. (2??i — 1) (2m — 3) J ' 
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the parenthesis ending with a term involving a;° if m — n is even and x if 
m — n IS odd, is a solution of the first equation of Ex. 1. If m and n are 

integers this value oi z is ,;. . , — — P!L(x) . 

103. We have seen in the last chapter that in many problems it is import- 
ant to be able to express a given function of cos $, that is of fi, in terms of 
Zonal Harmonics of fi. So it is often desirable to express a given function of 
/i and <^ in terms of Tesseral Harmonics of fi and </>. 

If, for example, we are trying to find the Potential Function due to certain 
forces and have the value of the function given for some given value of r, 
that is, on the surface of some given sphere whose centre is at the origin of 
coordinates, of course the given value will be a function of and </> and if we 
can express it in terms of Spherical Harmonics of $ and </> we have only to 
multiply each term by the proper power of r to get the required solution of 
the problem. For we shall then have a value of V satisfying Laplace's 
Equation and reducing to the given function of d and <^ on the surface of the 
given sphere. 

104. Suppose that we have a function of /x and </> given for all points on 
the unit sphere, that is, for all values of ft from — 1 to 1 and for all values of 
<^ from to 2ir, /a and </> being independent variables, and that we wish to 
express it in terms of Surface Spherical Harmonics. 

Assume that 



tn—Qti n= m 



/(M, <^) =X[A«-P».(m) +X(A.« cos «<^P»(m) + B^ sin «<^P»(^)) j . (1) 



m = M = 1 



Let us consider first a finite case, and attempt to determine the coefficients 
so that 

rA = p n 3= m 

/(M, <^) =S[A»rP".(M) +X(An, COS «<^P»(m) + B^„ sin n<^P-(/i)) J (2) 

1/1=0 n = 1 

shall hold good at as many points of the sphere as possible. The expression 
in brackets in the second member of (2) is a Surface Spherical Harmonic of 
the mth degree and contains 2m + 1 constant coefficients. The whole number 
of coefficients to be determined is then the sum of an Arithmetical Progression 
of ^:> -j- 1 terms the first term of which is 1 and the last is 2^9 + 1 , and is 
therefore equal to (j9 + 1)1 

Let the interval from /i = — lto/x = lbe divided into p-\-2 parts each of 
which is A/x so that (^ + 2) A/x = 2 , and let the interval from <^ = to </> = 2'7r 
be divided into ^:? + 2 parts each of which is A<^ so that (p + 2)A<^ = 27r. 



AA 
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Then if we substitute in equation (2) in turn the values ( — 1 + A/x, A<^), 
(- 1 + 2A/i, Ac^), . . . [- 1 + (^, + l)A/i, A</»]; (- 1 + A/x, 2A</»), 
(- 1 + 2A/i, 2A<^), . . . [- 1 + (p + 1)Am, 2A</»]; . • • [- 1 + A/x, (^^ + l)A</»], 
[— 1 + 2A/i, (^ + l)A</»), •••[—!+(/> + l)A/i, (2? + 1)A<^]; since the first 
member in each case will be known we shall have (/> + 1)^ equations of the 
first degree containing no unknown except the (^p + 1)^ coefficients, and from 
them the coefficients can be determined. When they are substituted in equa- 
tion (2) it will hold good at the (/? + 1)^ points of the unit sphere where p-\-\ 
circles of latitude whose planes are equidistant intersect ^^ + 1 meridians 
which divide the equator into equal arcs. If now p is indefinitely increased 
the limiting values of the coefficients will be the coefficients in equation (1), 
and (1) will hold good all over the surface of the unit sphere. 

To determine any particular constant we multiply each of our (^p -\-iy 
equations by A/a A<^ times the coefficient of the constant in question in that 
equation and add the equations and then investigate the limiting form 
approached by the resulting equation as j9 is indefinitely increased. 

As p is indefinitely increased the summation in question will approach an 
integration ; and since d/JLdil} = — sin O.dO d<l> is the element of surface of the 
unit sphere, and as the limits — 1 and 1 oi fi correspond to ir and of ^ the 
integration is a surface integration over the surface of the unit sphere. 

In determining any coefficient as ^„ „, in (1) the first member of the limiting 
form of our resulting equation will be 

2t 1 



Cd4>Cf{ti, 4>) cos n<t> P^(M')dfi. 



-1 
In the second member we shall come across terms of the forms 

2T 1 2T 1 

Cd<l,Csm l<t> cos n<t> PJ,(fi)P^(fi)dfA, Cd<l, Vcos Iff, cos n^ F^(ti)F:^(fi)dfi, 

0—1 0-1 

2'r 1 2ir 1 

Cd.^j'shx n^ cos 7i<l, [P„',(M')Ydfi, j'd<t>j'eos^ n^f [^^(m)]''<«A', 

)i — 1 0—1 

and other terms all of which come under the form 

2T 1 

-1 

where Yj^(fi, <t>) and Yi(fi, <^) are Surface Spherical Harmonics of different 
degrees. 

If we are determining a coefficient B^^„, the only difference is that sin nxf} 
and cos w<^ will be interchanged in the forms just specified. 
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105. The integral over the surface of the unit sphere of the product of two 
Surface Spherical ITarmonics of different degrees is zero. 

2jr 1 

That is Cd,f,CYlii,,t,)Y^{,i,i.)dii = 0. (1) 



-1 



For as we have seen U-=-i*Yi{fi,<i>) and V=r^Y„(ji,<l>) are solutions of 
Laplace's Equation. Hence by Green's Theorem 

f(f7I>n V -VD„U)ds = V. Art. 92. 

D, r= D, V= mr—'Y„(fi, 4,) , 

Djr=D^U=l,'-'Y,(ti,i>); 

UD„ V- rD„ U= (m - Z)r'+— ' F,(M, .f>) Y^(,i, <l>), 

= (m - I) Y,(^, <(,) Y„{ix, ^) 
on the surface of the unit sphere; and 



2»r 1 



(rn - I) J Y,(fi, <!>) Y„(,t, <l>)ds = (m ~ V)Cd^CYly^, <!>) r„(^, <l,)dfi = 



— 1 

Hence unless l = 7n 

2n 1 



jd<t>j r,(/x, <A) F^(/x, <t>)dfi = . 



EXAMPLES. 

1. Obtain (1) Art. 105 directly from the equation 

1 



m(m + 1) r„(/x, <A) + Z>^[(1 - /i^)2>^ r„(/x, <^)] + ^IT^z ^\ Ym(f^> <t>) = <> 



V. (3) Art. 102, and Art. 91. 

2. Show that the integral over the surface of the unit sphere of the product 
of two Tesseral Harmonics of the same degree but of different orders is zero. 

Suggestion: 

2»r 2ir 2ir 

j sin k<j> cos l<l>,d<t> = j sin k<t> sin l<t>.d<t> = I cos 7c<^ cos l<^.d<i> = . 



106. fPr(fjL)F;^(fjL)dfi:=0 unless Z = 



2m + 1 (m — n) ! 



/ 
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For 

—1 —1 






— 1 
1 



or 



by integration by parts. 

Replacing n by n — 1 in equation (2) Art. 84 and remembering that 

— - — 3f-^ is a possible value of «^**~^^ we get 

or if we multiply by (1 — /x^)""^ 

+ {,n + n){m -n + 1)(1 - /*«)— » '^"^'f"'{^^ =0, 

Hence follows the reduction formula 
—1 

-1 

Using this formula n times we get 

'. 1 

-1 -1 

= unless / = in 

2 (ni + n)l ._ J 

Jm -\-l (nt — n) I 
V. Art. 89 (4) and (5). 
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107. We are now able to complete the solution of the problem in Art. 104 
and since j cos^ w</>.e?</> = j sin^ n<l>.d<l} = tt and I d<^ = 2ir ye get as the 



coefficients in (1) Art. 104 



_2m + l ^ 



fd<l>ff(/i, <l>)P„,(f*)dfi , (1) 



—1 

2w 1 



• 0—1 



2n- 1 



5.« = ^^ • fr^rS^'^Sf^"' "^) «^^ '^'^^"(Z^)'^^ ' (3) 



whence 



-1 



ni = 30 n=m 



f(t^, «^) =S[a».-p».(m) +2(-'^».» '"'^ "^ + ^""« ^^" ^<i>)P:,(f^)'] (4) 



m = n = 1 



and the development holds good for all values of /x and <^ corresponding to 
points on the unit sphere, provided only tha,t the given function satisfies the 
conditions that would have to be satisfied if it were to be developed into a 
Fourie^'^s. Series, 

If we use /Ai and </>i in place of /x and <t> in (1), (2), and (3), we can write (4) 
in the form 



m=oa 2ir 



/(M, <^) = ^ 2(2"* + ^) \jf'^''^fi^'^' i>^)P^{|J.)P„{^l^)d^L^ 



m=0 —I 

n=m X . 2ir 



+2 (1 + ^) '/'^'^^/^^^' ' *i)-P»(M)-P.S(Mi) cos n(.^ - ^,)d^'} . (5) 



w = 1 — 1 



Formulas (1), (2), (3), and (4) are convenient for actual work; (5) is rather 
more compactly written. 

108. As an example let us express sin^ cos^ sin </> cos 4> in terms of 
Surface Spherical Harmonics. 

Here /(/., <^) = J ^\1 - ^l^) sin 2<^ . 



2 
1 
27n + l 



' 2n 



^^- == "^^/^'(^ ~ /x^)P^(M)rf/x Jsin 2</>.^<^ = 

-1 
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^ 2ir 

<n. = ^^ • ^^;;//^^(l - /i^P^(/*)^/* Jsin 2<l> COS r^.d<l> = , 



— 1 



1 2,r 



^- = ^^ • ^J+^//^^(l - f^')Fi(f^)df^fsm 2<l> sin ^c^.rf^ , 



—1 
= unless n = 2. 

2ir 2ir 



If n = 2 j sin 2</> sin n<l>.d<l> = j sin^ 2<f>.d<l} = tt, 



_ 2m + 1 (m - 2) ! ^ d'P^C;.) 

— 1 

^_j_ 2m + l (:m~2)_! A.n .^♦^ ^'""'(^'"^)" 7^ 
2'»w! 4 (w + 2) ! J '^ ^ ^ "^ rf/i»»+2 «/^ • 

—1 



and 



— 1 —1 

by repeated integration by parts, 

= if m>4, 

1 



720r(/x2-l)*eZ/t = l^^_? if w = 4, 



, ^19 2! 4096 

and ^2.4 = TTi. 



2*4! 4 6! 7 105 
By a like process we find 



1^ 
42 



^2,8 = and ^2,2 = T^ • Hence 



sin^ cos^ ^ sin <^ cos <^ = ^ P^^^) gi^ 2<^ + j^ P^/*) sin 2^, (1) 

= 42^^^^*^^^^^^+105''^^*'^^^-#"' (^> 

= ^ sin^ $ sin 2</» + ~ sin^ $ (T/x^ - 1) sin 2<\> . (3) 

The required expression might have been obtained without using the 
formulas of Art. 107, by a very simple device, as follows : 

sin^ $ cos^ sin <^ cos <^ = - /x^ sin^ ^ sin 2<^ . (4) 



206 
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[Art. 109. 



If now we cau express /t^ in the form 

^ 4.3 dfi^ ' 



X^^^ the work will be done. 



M* = ^ ^4(M) + f P2(/x) + ^ Po(/x) , 
da^ 35 du^ "^7 rfu*^ ' 



(5) Art. 95. 



whence 



M' = 



2 <i«P. 



,.'2 • Oi ^,,2 ' 



105 dfi' • 21 <^/x^ 
and substituting this value in (4) we get (2). 



EXAMPLES. 



1. Show that 

cos« e sin» sin ^ cos« </> = [^ P«(m) + ^ P«(m)] sin 3</> 



- is [^« (^> - tTo ^» - k ^^^(^)]«^^ * • 



2. Show that 



cos 2^ = 2 cos 2^ [|, P/(m) + -gy P|(^) + i|f' P|(m) + • • ] • 

3. If in a problem on the Potential Function F'=/(/x, <^) when r = a, we 
shall obviously have 

wi = OD n = m 

^=25 [^''•"•■^''^'*) +2(^«.» ^'^^ '^'^ + *«."• ^^"^ '*'^)^«(m)1 

m-O n=l 

at an internal point and 

m= X n= m 

^=2i£i [^«.'«^-.(M) +2(^».'» •'O^ "^ + ^"••n ^^"^ "'^)-P»(M) J 



m=0 



n=>l 



at an external point, where Aq^, A„„^, and B„^ have the values given in (1), 
(2), and (3) Art. 107. 

4. Solve problems (3), (4), and (5) of Art. 94 for the case where Fis not 
symmetrical with respect to an axis. 

109. Any Solid Spherical Harmonic /•"*F,„(/a, <^) being a value of V that 
satisties Laplace's Equation in Spherical Coordinates will transform into a 
function of x, y, and z satisfying V^F= if we change to a set of rectangular 



Chap. VI.] ANOTHER DEFINITION OF A SPHERICAL HARMONIC. 207 

axes having the same origin and the same axis of X as the polar system. 
Moreover the new function will be a homogeneous rational integral Algebraic 
function of cc, y, z, of the mth degree. 

For each term of r^ cos 7i<^P^{fji) is of the form 

(7r"» cos«-^> sin^i^ sin« $ cos"»-2/-» ^ 
where 2A; < n + 1 and 2Z < m — n + 1 . 

This may be written 

Cr^, r^-2i-«cos"*-2i-»|9. r'*-^^- sin»-2*^cos*»-2*«^. r-^fc sin 2* l9 sin^^^ 
which becomes C{x^ +*/ + «')' a;'« -^-n y^-^ j^2k ^ 

and is a homogeneous rational integral Algebraic function of x, y, and z of the 
/w-th degree. The same thing may be shown of each term of r"» sin n<f>P^(fjL). 
Consequently r^Y„^(fJl^,<|}) is a homogeneous rational integral Algebraic func- 
tion of the 7tith degree in x, y, and z. 

110. Any homogeneous rational integral Algebraic function S^(x, y^ z) of 
the mth degree in x, y, and z, which is a value of V satisfying V^r=0 con- 
tains 2m -\- 1 arbitrary constant coefficients. 

"For AS'„j(a:, 7/, z) will in general consist of ^^ ^^ terms and will 

therefore contain ^^ ' — ^^ coefficients. 

^^Srn(x, y, z) will be homogeneous of the (m — 2)d degree and will contain 

111 I 111 ~^~ 1 I ' 

-^^^ ^ coefficients, which, of course, will be functions of the coefficients in 

S^(x, y, z). Since V^*S^„,(a^, y, z) = independently of the numerical values 

of X, y, and z the ^ \^ coefficients in ^^S^(Xj y, z) must be separately 

zero, and that fact will give us — ^^^ equations of condition between the 

("^ + ^)('^ + -) original coefficients and will leave (^ + l)(''^ + 2) _ rn(rjv-V) 

2 w J 

or 2m + 1 of them undetermined. Sjn{x, y, z) contains, then, the same number 
of arbitrary coefficients as r*" r^(/i, </>). 

We can then choose the coefficients in ?•'" ^^(/^t, <A) so that it will transform 
into any given Sjix^ y, z). 

Consequently a Solid Spherical Harmonic of the mth degree might be 
defined as a homogeneous rational integral Algebraic function of x, y, and z, 
S^j^(x, yy z), of the mth degree satisfying the equation \7^S^(x, y, z)=0-y and a 
Surface Spherical Harmonic of the mth degree as such a function divided by 
^^.2 + y2 _|. ^2)-^ that is by r'". 
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EXAMPLES. 

1. Show that if Sfn(x, y, z) is a Solid Spherical Harmonic of the mth degree 

V\r^S^(x, y, z)^ = n{2m + n + l)7^-^^S^{x, y, z). 
Suggestion : 

2. Show that if /„(a;, y, z) is a rational integral homogeneous function of ar, 
y, and z of the nth degree it can be expressed in the form 

fni^y y, z) = S„(x, 7/, z) + r»S^_2(x, y, z) + t^S^_^(x, y, z) -^ \" , (1) 

terminating with 7^~^Sx(x^ y, z) if n is odd, and with r^So(x, y, z) if n is even. 

Suggestion: If a term rS„_i were present in the second member of (1), and 
we were to operate with V^ on both members we should by Ex. 1 have a term 

— ^n-i which would be irrational when all the other terms of the resulting 

equation were rational. No such term, then, could occur. In the same way- 
it may be shown by operating twice on (1) with V* that there can be no term 
^Sn_s in (1); and thus step by step we can reach the result formulated in (1). 

3. Express x^yz in the form S^ + t^S^ + tI^Sq, 

Suggestion: let x^yz = aSj + '^S^ + i^Sa 

and take V^ of both members we get 

2y« = 14/^2 + 20/^/%. 
Operate again with V^ = 120 aSq- Whence 

^, = 0, S, = )^yz, and S, = )^ {%x^-f- z^yz. 

4. Express sin^ cos^ 6 sin <f> cos <f> in terms of Surface Spherical Harmonics. 

X iiz 
Suggestion : sin* cos* sin <b cos <f> = -~ • 

For result v. Art. 108 (3). 

111. A transformation of coordinates to a new set of axes having the same 
origin as the old set will change a given Surface Spherical Harmonic into 
another of the same degree. For such a transformation does not change the 
form of Laplace's Equation V*F=0 if both sets of axes are rectangular, 
and it is effected by replacing x, y, and z in the Solid Harmonic correspond- 
ing to the given Surface Harmonic by x cos a^-\- y cos a^-^- z cos a^ , 
X cos Pi + y cos /32 + « cos /Sg , and x cos yi + y cos 72 + ^ cos ys respectively, 
where the cosines arc the direction cosines of the new axes, and it will leave 
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the function a homogeneous function of the mth. degree in the new variables, 
and on dividing this by the mth power of the unchanged radius vector we shall 
have a Surface Spherical Harmonic of the mth degree. 

112. We have seen in Art. 75 that if (xi, y^ z^ are the coordinates of a 
given point 

r= ■ ^ (1) 

\/(x - x^y + (y - y^)^ + (;. - z^y 

is a solution of Laplace's Equation V*F'=0, and transforming to spherical 
coordinates that 

F= , ^ (2) 

V^** — 2*Ti[cos cos ^1 + sin d sin di cos (<^ — </>i)] + rf ^ 

is a solution of 

^. . rD^irV) + :^^D,(s\neD,r)-\-^^D^V=0. (3) 

If y is the angle between the radii vectores r and Vi of the points (x, y, z) 
and (a?!, yi, «i) (1) can be written' 

r=-==L_ (4) 

V^ — 2rri cos y + r^* 

which must be equivalent to (2), and hence 

cos y = cos $ cos $1 + sin 6 sin ^i cos (<^ — <^i) - 

(4) which is a solution of (3) is of the same form as (5) Art. 75 and by 
developing it as we developed (5) Art. 75 we find that 

F=P^(cosy) 
is a solution of the equation 

^(^ + l)y4.-l-i),(sintf2),F)+^^2)/r=0 (5) 

1 

and that r= r'«P^(cos y) and r= ^^^^ P«(cos y) 

are solutions of (3). 

If we transform our coordinates keeping the origin unchanged and taking as 
our new polar axis the radius vector of (x^ yi, z^ y becomes our new d and 
P,„(cos y) reduces to P^(cos B) , a Surface Zonal Harmonic, or a Legendrian,* of 
the mth degree. It is then a Legendrian having for its axis not the original 
polar axis but the radius vector of (a^i, y^, z-^. Since a Legendrian is a Sur- 
face Spherical Harmonic, 

.P^(cos y) = Pto[cos cos $i + sin $ sin O^ cos (<^ — ^i)] 

is a Surface Spherical Harmonic of the mth degree. 

* V. Art. 74. 
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It is, however, of very special form, since being a determinate ' function of 
fi, <f>y /Xi, and </>i it contains but two arbitrary constants if we regard it as a 
function of /a and <^, instead of containing 2m + 1. , 

It is known as a Laplac^s Coefficient, or briefly as a Lajjlacian, of the 7/jth 
degree. 

We shall soon express it in the regulation form of a Surface Spherical 
* Harmonic. 

The radius vector of (x^ , yi , z-^ is called the axis of the Laplaciaa and the 
. point where the axis cuts the surface of^ the unit sphere is the pole of the 
Laplacian. 

We shall represent the Laplacian P^(cos y) by L^(ji, <^, /^i, <^i). Of course 
^m(Mj </>, 1 , </>i) = Pm{t^) = ^m{^^^ ^) 9 ^^^ ^^ really independent of <^. 

113. If the product of a Surface Spherical Harmonic of the mth degree by a 
Laplacian of the same degree is integrated over the surface of the unit sphere, the 

result is equal to - — -r-zr multiplied hy the value of the Spherical Harmonic at 

the pole of the Laplacian, 
That is, 



'zn 



.47r 



0—1 ' . 

Transform to the axis of the Laplacian as a new polar axis, and let -^^(/a, <^) 
be the transformed Spherical Harmonic. L^(fi, <^, /Xi, </>i) will become P,„(/£), 
and (1) will be proved if we can show that 

fd<l>j'z^(ix, <^) P™(M)dM = 2^^ ^'nO-, 0) . (2) 

—1 



n= m 



Z,„(fi, <l>)P^{li) = ^4„[P„(m)]' +2(^« ««« '"^ + ^» s^"^ »<<^)P^(M)-Pm(M) 



M=l 



(V. (5) Art. 102). 



2ir 



J^„(M, <t,)P„i_ii)d4. = 27r^„[P„(M)]« and 




1 2n- 



^d,i^Z^{li;,l>yP„{,i)di. = ^^^A, (V. (6) Art. 89), 



— 1 



But Z^{1, 0) = .4o, since P^(l) = 1 and P:,(i) contains (I — l)f as a factor 
and is equal to zero. 
Henoe (2) is proved. 
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114. We can now express a Laplacian in the regulation form as a Spherical 
Harmonic, by the formulas of Art. 107. 

Z^(/x, <t>, fii, </>i) = ^to(cos y) = P„,[cos 6 cos^i + sin sin Oi cos (<^ -— <^i)] 

A- = 36 « = it 

;{•=<» w=i 

where ^o.« = 4^ J «?* J ^m(M> </»? Mi> 4*i)Pm{p)^t^' 

—1 

= ^^ 2^ ^•"('^') = ^•»('*'> ^y (^> ^'*- ^^^' 



2ir 1 



2 ft > 

2m + 1 fm — ^i) ! /',,/' X , . . x . ^ , ^ -, 



— 1 



^^p^ cos «<>iP'(Mi) by (1) Alt. 113, and 



2ir 1 



-^«.m = ^2ir (m + 1) i J"^^J"^^(^> "^ ^i' *i) ^"^ n<l, ^ZiM'W 



-1 



= ^+^ «i^ «<^i J'^CMi) by (1) Art. 113, 

and Af^^ = -4„ ^^ = J^n^ = by Art. 105 unless k = m. Hence 

n= m 

i»(M, <!>, ^i> <^i) = P»(^)Pm(Mi) + 2X[fe^! ^:(m)^,:(Mi) cos n(<t>- ^i1 . (1) 

»i= 1 

Each term of a Laplacian involves a numerical coefficient, a factor which is 
a function of /a, a second factor which is the same function of /Xi, and a third 
factor which is of the form cos A;(</> — <^i). We give on the next page a table 
of the first few Laplacians taken from Minchin's Statics, omitting in each term 
for the sake of brevity the function of fii . 

By the aid of (1) we can write (5) Art. 107 more compactly. It becomes 



»M = » 2t 



/(M, ^) = ^ X(2m + 1) jrf<^ij>(/t„ <kOr^m(f^> <!>> /*i. «^i)<^/ti (2) 



m»0 — 1 

msoo 2ir 

or 



^C^' '^) = 4^ 2 P<^i r^(<'i' *i)-Pm(cos y) sin M^^i • (3) 



m=0 
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EXAMPLE. 

Work the problems of Art. 108 and Art. 108 Exs. 1 and 2 by the aid of (3) 
Ai-t. 114. 

115. Such problems as we have handled in Arts. 98 and 99, and also prob- 
lems differing from them in not having circular symmetry about an axis, can 
now be solved by direct integration. 

For instance let it be required to find the value at an external point of the 
potential function due to the attraction of a solid sphere whose density at any 
point is proportional to the product of any power of the radius vector by a 
Surface Spherical Harmonic. 

Let p=CrfY^(fi„<l>,). 

Then using our ordinary notation we have 

F= fdn fd<l., fCrlY^^^^d^ ^ 
^ ^ 2i V^ — 2rri cos y + r^ 
But by (3) Art. 77 



''• - =^^- — - f-Ppfcos y) + - A (cos y) 

■ +;3-P»(cosy) + --- + ^.P»(cosy) + -J 

if r>?'|. 
Consequently since 

2ir 1 



Cd<l>iC Y,^(fii, <^i) r„(/Ai, <l>i)dfii = 0, 



-1 



V reduces to the single term 



c " 



V= ;^,/'-i"'-^**"'^'-|/<'<^iJy«(A'u «^.)P™(cos y)d,j^ 



= ;:=^./'-""*"'(2^^ ^'»('*' '^^y^^ ^y ^- ^^^• 



• • 2m + l m+k + 3 »-" + » 
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EXAMPLES. 

1. Solve by direct integration the problems worked in Arts. 98 and 99 and 
Examples 1, 2, 3, and 4 of Art. 99. 

'^. The densiljy of a solid sphere is proportional to the product of the 
squares of the distances from two mutually perpendicular diametral planes^ 
find the value of the potential function at an external point. 

Ans. p = krf cos^ Oi sin^ Oi cos^ <^i 

= kr,' [^ Po(Mi) + ~ P^C/ii) + ^ cos 2</>iP|(/iO 

- ^ P4(/ii) + jj^ cos 2</>,P|(/iO] . 

3. Solve Example 2 by an extension of the method of Arts. 98 and 99. 

4. A conducting sphere of radius a connected with the ground by a wire is 
placed in the field of force due to an electrified point at which m units of 
electricity are concentrated. Find the value of the potential function due to 
the induced charge. 

Suggestion: Let Vx be the potential function due to the point, and Fi that 
due to the induced charge, and let b be the distance of the point from the 
centre of the sphere. Then 



\ll)' — 2br cos ^ + r" 



= ^ [p„(eos ff) + ^ Pi(cos <?) + ^ P,(cos «) + •••] if r<b. 

= ^ rPo(cos d) + ^ Po(cos ff) + ^' P2(cos «) + •••'] if r>l. 

Fj = ^<hPo(cos «) + ^i - Pi(cos ff)-\-Ai-^ Pj(cos ff) -{-■■• if r<a. 

(JL til 



a ^ , ^. . . a^ ^ . ^. .' . d^ 



= Ao - Fo(gos 0) + Ai -^ Fi(GOS 0) + A^ -^ FoXcos 0) + ' " if r> a 
When r=a Fi + ^2 = ^ • Hence 



m . ma , ma^ 



•^0 T' -^1 22 * -"2 



J' -1- ^2' -«- 1,3 > 
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and 



r<.a 



Vi --=-j [Po(cos 0)+l Px(cos 0)+^, F,(iios ^) + • • •] if 

Hence the effect of the induced charge is precisely the same at an external 
point as if the sphere were replaced by -r- units of negative electricity con- 

CL 

centrated at the point r=^-j , ^ = 0. v. Peirce, Newt. Pot. Func, § 66. 

116. If the two points P and P' are taken on the line OH wliose direction 
cosines are X, /a, and v, and if u and w' are the values at P and P' of any con- 
tinuous function of the spaQe coordinates, then , . . is called the 

partial derivative of u along the line OH and will be represented by D^ii. 

Let x,y,zh% the coordinates of P and x + Aaj, y + Ai/, ^ + ^« the coordinates 
of P'; then 

where € is an infinitesimal of higher order than the first if Aaj, Ay, and Aj? are 
infinitesimal (v. Dif. Cal. Art. 198). 

TT u* — u _ , Aas , _ Ay , ^ A« , € 

Hence -j^ = D^u, ^^ + DyU,^^ + D,u. ^pi + ^p' 

Therefore Df^u = XI>j.u + fiB^ii + vB^u, (1) 

If V^?« = 0, D^D^D^u is a solution of Laplace's Equation. 

For V\DsDSDlu) = DsD^D^(Vhc) = . 

Hence if V^w = D^w is a solution of Laplace's Equation, and if Offi, 
OH2, OHg, • • • are a set of lines through the origin D^ Df^Dj,'"u is a solution 
of Laplace's Equation. 

117. If H^. is a rational integral homogeneous Algebraic function of x, y; 
and 5; of the Mh degree 



^x (f *) = A (5*) ^x '• + ^ ^,(^*) 



and is of the form —^^' 
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The same thing can be proved of Dy (-j ) and D^l-jJ and therefore holds 

goodofA(7)- 

If u is a homogeneous function of x, y^ and z of the degree — m ■— 1 and 
\7^u = then V\r^"'^u)=(i. 

V\7^"' + 1 w) = (2m + 1) (2m + 2)r^-' u 

+ 2(2m+ l)7^'^-\xD^'u + yDyU + zD,ic) + t^'^^^/'^u 

= 0, 

since xD^%i + yl^y'f^ + zD^u = — (rn-\- V)u 

by Euler's Theorem (v. Pif. Cal. Art. 220). 

M . M 

118. — = '-7== , : is a solution of Laplace's Equation (\. Art. 75) 

and is of the form — - • 

r 

Dj^Dj^Dj^'"Dj^ I — I is then a solution of Laplace's Equation by Art. 116; 

123 ^ \. V / 

JT 

it is of the form -^~r\ ^7 ^i'*- H*^ ^^^ ^s a homogeneous function of the 

degree -m-1. 

Therefore ?-2"'+^i>;^^i);i22);^g-'-2>;^^ / — j is a solution of Laplace's Equation, 

and is a rational integral homogeneous Algebraic function of a*, //, and z of the 
m\ki degree, and is consequently a Solid Spherical Harmonic of the mth 

degree (v. Ai-t. 110); and T^^^Dj^Dj^Bf^^ • '-^Am( — / ^® ^ Surface Spherical Har- 
monic of the mth degree. 

Moreover since the direction of each of the lines O^i, OH^, • • • OH^ depends 
upon two angles which may be taken at pleasure, these angles and M are 

2m + 1 arbitrary constants and may be so chosen that 7'"*'^ ^T),,^/)^^/ • -2);^^ ( — ) 
may be any given Surface Spherical Harmonic. 

Consequently any given Surface Spherical Harmonic may be regarded as 

M , 

formed by differentiating — successively along m determinate lines O^i, OH^ • • • 

OH^^ and is given except for the undetermined factor M when these lines are 
given. 

The lines OH^^ OH2, OH^^ - • • 011^ ^^^ called the axes of the Harmonic, and 
the points where they meet the surface of the unit sphere the poles of the 
Harmonic. The m axes of a Zonal Harmonic coincide with the axis of coordi- 
nates (v. Art. 86) and consequently the m axes of a Laplacian coincide with 
what we have called the axis of the Laplacian (v. Art. 112). 
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119. Any Surface Zonal Harmonic Pm{f) is equal to zero fox m real and 
distinct values of /i which lie between — 1 and 1 ; and any Associated Func- 
tion P^{fi) is equal to zero for m — n real and distinct values of fi which lie 
between — 1 and 1 . 

P /^) = _J_ . ^*"(^' ~ ^)"' . V. Art. 83 (1). 

^ ^ contains (/a^ — 1)"'~* as a factor, v. Art. 89. • , 

From Rollers Theorem, " If f(x) is continuous and single-valued and is equal 

df(x) 
to zero for the real values a and h of x, ; is equal to zero for at least one 

dx 

real value of x between a and ^," (v. Dif. Cal. Art. 126) it follows that since 

d(ii^ — lY'- 
(fi^ — 1)'" = when /i = — 1 and when fi = l ^ — =0 for at least 

one value of a between — 1 and 1. ^ ^ ^ cannot be equal to ?ero for 

d/jL 

more than one value of /jl between — 1 and 1, for it contains (fi^ — 1)"*~^ as a 

factor and is a rational Algebraic polynomial of the 2m — 1st degree. 

d^(u^ — 1)'" 
In like manner we can show that — ^^~i — = ^ ^^s 771 — 2 roots equal to 

— 1, VL — 2 roots equal to 1 and two real roots between — 1 and 1 which 

d(a^ — 1)"» 
separate the three distinct roots of ^ — — = 0; and in general if Jc < 7n -{- 1 

that — ^^"X — = ^ ^*s m — k roots equal to — 1, ?m — k roots equal to 1, 

d^~^(u^ — 1)"* 
and k real roots separating the k-j-l distinct roots of j t-i — ^^ ^ • 

1 d"*(a^ — 1)"* 
Hence P„,(a) = () or .. — ^^ — =0 has m real and distinct roots 

between — 1 and 1, and it has no more since it is of the mth degree. 

The same reasoning shows that ) m+n ^^ ^ ^^^ m— n distinct real 

roots between — 1 and 1, and therefore that P^(fi) is equal to zero for m — n 
distinct real values of /i between — 1 and 1. Since P^iM') contains sin" ^ as a 
factor it is also equal to zero when fi = — 1 and when fi = l. 

cos 7i<l> is equal to zero for 2n equidistant values of <^, and sin n<t> is equal to 
zero for 2n values of <^. Hence any Tesseral Harmonic sin n<f>P^^(^fi) or 
cos w<^P^;(/Lt) is equal to zero for 2?^ equidistant values of <^, for /Lt = l, for 
/I = — 1, and for m — n real and different values of fi between — 1 and 1. 

It follows that the value of any Surface Zonal Harmonic Pm(f^) at a point 
on the surface of the unit sphere will have the same sign so long as the point 
remains on one of the zones into which the surface of the sphere is divided by 
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the m circles of latitude corresponding to the m roots of P^(fi) =0, and will 
change sign whenever the point passes from one of these zones into an adjoin- 
ing one; and that the value of any Tesseral Harmonic sin n^P^(fjL) at a point 
on the surface of the unit sphere will have the same sign so long as the point 
remains on anyone of the tesserae into which the surface of the sphere is 
divided by the m — n circles of latitude corresponding to the roots of P"t(fi) =0 
and the 2n meridians corresponding to the roots of sin n<l> = 0, and will change 
sign whenever the point passes from one of these tesserae into an adjoining 



one. 



•t r 
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CHAPTER VII.* 

CYLINDRICAL HARMONICS' (BESSEL'S FUNCTIONS). ' 

120. In Arts. 11 and 17 we obtained 

z = AJo(x) + BKo(x) ' (1) 

as the general solution of Fourier^ s Equation 

where j-„(a;) = 1 - 1 + g^, - gT^Tgi + • ■ • (3) 

and is called a Cylindrical Harmonic or BesseVs Function of the zeroth order; 
and where 

K^{x)=Jo{x) log X + \2-{2^\l + 2) + 22j:6"ni "^ 2 "^3/ ^^^ 

and is called a Cylindi^ical Harmonic or BesseVs Function of the Second Kind, 
and of the zeroth order. 

In Art. 17 we found that z = «/„(«) 

is a particular solution of BesseVs Equation 

d^z , 1 dz 
d^^ 

where if n is unrestricted in value 



+il+(^-S)'=». <=> 



.n r" if^ j»* 



a;« F x^ 

^«(^) '^2»r(7i + l) L^ "" 2\n + 1) "^ 2*.2 !(7i + 1)(^ + 2) 

~ 2«.3!(n + l)(w + 2){n + 3) "* J ^^ 

and is called a Cylindi^ical Harmonic or BesseVs Ftmction of the nth order; 
and that unless n is an integer 

z = AJ„(x) + BJ_,(x) 

is the general solution of BessePs Equation. 

♦The student should re-read carefully Arts. 11, 17, and 18(d) before beginning this 
chapter. 
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If n is an integer it can be shown that 

(v. Forsyth's DifE. Eq. Art. 102), and then * 

z = AJ„(x) + B{K„(x)} 
is the general solution of Bessel's Equation and 



2k 



kr^O 



_ 1 /'^v'vJul) 

t=0 



M-r (-1)^ ri+1+i+...+i 

\2/ ■^(n+k)lk\\_ 2 3 k 



V. M. Bocher, Ann. Math. Vol. VI, No. 4. 

121. A useful expression for Jn(x) as a definite integral can be obtained 
without difficulty from Bessel's Equation [(5) Art. 120] by a slight modificar 
tion of the method given by Forsyth (DifF. Eq. Art. 136). 

It was shown in Art. 17 that z = x^v is a solution of BessePs Equation if 
V satisfies the equation 

4 

h 

Assume v = j Tcos (xt)dt (2) 



a 



where x and t are independent, T is an unknown function of t, and a and b 
are at present undetermined. 

h 

dv 



Then -^ = — At sin (xt)dt 



a 



d V . f* nrr, v 

and -T-i^ ~ ~ I ^^^ (ic^)c?^ . 



a 



Substituting in (1) after multiplying through by oj, we have 

h h 

C{1 — t^Tx cos {xt)dt — C(2n + l)tTsm (xt)dt = 0. (3) 
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By integration by parts we find that 

b h 

C(l — ^Tx cos (xt)dt = r(l — ^^Tsin {xt)'] 

a a 

b 

— ("["(1 — ^') ^— ^^t] sin (xt)dt , 
and (3) reduces to - ^--' -j\ ^ 

b b 

r (1 — t^ T sin (xt) "I — rr (l — ^^^ + (2% — l)tT] sin (ajJ)rf^ = 0. (4) 

a o 

If we determine T so that 



and a a«d ^ so that (1 — ^Tsin (xt) 



(l-t^^+(2n-l)tT=0, (5) 

b 

= (6) 



(4) will be satisfied and our problem will be solved. (5) gives 

T=C(1 — ^^«-i, (7) 

and (6) will obviously be satisfied if a = — 1 and b==l. 

__ ^ / ^(l — j^)» cos (xt)dt . ... _^_ 

Hence t? = C; I -^^ j ^ — - — is a solution of (1), 

and ,= Cx^fQ—3l22lJ^^ (8) 



— 1 



Vi — ^ 



is a solution of BesseVs Equation. 
If we let t = cos <f} in (8) we get 



= C «" j sin** ^ cos (sB cos ^)<20. 



Expand cos (a; cos <f>) into a series involving powers of x cos ^, integrate 
term by term by the aid of the formulas 

' / w + 1 \ 

rsiu''a;.(to = ^- ^ ^ ; [Int. Cal. (1) Art. 99], 

^ ' Kl + 
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2 



I Sin** X cos*" ic.aa; = i^ 



2r 



(Int. Cal. Art. 99 ^x. 2), and compare with (6) Art. 120, and we get 



IT 

J,(x) = ^ fsin^ <^ 

2"V7r r^i + 2 K 



cos (aj cos <l>)d<l}. (9) 



If 71 is a positive intege* (9) reduces to 



^"<*> = ^- 1.3.5.- (2n- l) f ''''"' '^'^ (* °«' '^>'^*- (^*^> 





Let n = in (9) or (10) and we get 



Jq(x) = — I cos (x cos <^)c?<^. (11) 

.0 

EXAMPLES. 

1. Obtain Formula (11) directly from Fourier^s Equation, (2) Art. 120. 

2. Prove by integratioji by parts that if w > — ^ 

I sin^ </> cos <^ sin (x cos <^)c?</> = „ , j sin^^^ <^ cos (x cos ^)c?<^. 



,3. Prove by integration by parts that if ri > - 

IT 

I sin^'* <^ cos <t> sin (a; cos <^)ci?^ 



1 /^ 

= - l[2n sin-" <^ — (27i — 1) sin^" + 2 ^-j c^g (a; cos .</>)c?</» . 

122. We can now readily obtain a number of useful formulas. 
Differentiate (11) Art. 121 with respect to x and we get 



dfTo(x) 1 /• ... .X ., 

— T^^-^ = I cos <^ sm (x cos <^)a<^ 



u 

= — - j sin^ </> cos (ic cos <f})d<l> by Ex. 2 Art. 121. 
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^ Hence by (10) Art. 121 ^^^ = - ^^(aj). (1) 

In like manner by the aid of Exs. 3 and 2, Art. 121, we can obtain ffiie 
relations ' 

-1— ^J = xV_,(x) (2) 



if // > > 



if ii> —^ 



dx 



^t^=^ = --V.,,(x) (3> 



(2) can be written 



it w > - 



Jx^J^_,(x)dx = x»J^(x)^ (4) 



(2) and (3) can be written 



and 



X" ^ ^ + nx»-\T^(x) = x^'J^^^ix) 



dx 



or 



<^nfo) __ J- .X ^i J- , X .^x 



dx « iv / ^ 



, dJJx) ^ / X I ^ T- , X 



dx -»-tiv-/ - 3. 



whence • 2^^ = J-„_,(.:) - J,,^,(x) 



dx 



(6) 



(7) 



and — ,7„(x) = J"„_ ,(a;) + J,^ .(a;). («) 

The repeated use of formula (8) will enable us to get from e7o(^) and Ji(x) 
any of Bessel's Functions whose order is a positive integer. For example, we 

have 

2 

Jo^x) = - J^(x) — Jq(x) 

X 



M->) = (5 ~ O'^*^*^ ~ ^'^»<*>- 
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From a table giving the values of Jo(x) and Ji(x), then, tables for the 
functions of higher order are readily constructed. Such a table taken from 
Rayleigh's Sound (Vol. I., page 265) will be found in the Appendix (Table VI.). 

By the aid of (5) and (6) any derivative of Jn{x) can be expressed in terms 
of «/„(aj) and e7„+i(aj). For example 






^^ = [^^-'-^-i]^«(-)+;^»..(-). 



If we write Jq(x) for z in Fourier's Equation [(2) Art. 120], then multiply 
through by xdx and integrate from zero to x, simplifying the resulting equa- 
tion by integration by parts^ we get 






X 

whence by (1) I xJo(x)dx = xJi(x) . (9) 

u 

If we write Jfi(x) for z in Fouriei-^s Equation, then multiply through by 

x^ — 3^ ^ 3,nd integrate from zero to x, simplifying by integration by parts 
ax 

we get 



X 



whence by (1) Cx(Jo(x)ydx = ~ l(Jo(x)y + (Ji(x)y:]. (10) 







In like manner we can get from BesseVs Equation [(5) Art. 120] the foriiiiila 

.-r 

fx(J„(x)rdx = \ [_X' (^^) + (-•' - n'){Jn{^)y^ (11) 



which (6) enables us to reduce to the form 

r 2 

jx{j„{x)ydx = I i{J„{x)y + (,;;, ^ ,{x)y] - nxj„(x)j, ^,(x). (12) 

Formulas (9), (10), (11), and (12) will prove useful wlien we attemi)t to 
develop in terms of Cylindrical Harmonics. 
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Values of «/„(«) for larger values of x than those given in Table III., 
Appendix, may be computed very easily from the formula 






+ 4 ! (8*)^ J'^"^ 4 " 2/ 



_ (8*) 

/_2_rii-4«^ 

^NVa-L 1 ! 8a; 



V. Lommel, Studien iiber die Bessel'schen Funetionen, page 59. 

The series terminates if 2n is an odd integer, but otherwise it is divergent. 
It can be proved, however, that in any case the sum of m terms differs from t7i,(d^') 
by less than the last term included, and consequently the formula can safely 
be used for numerical computation. 

EXAMPLES. 

1. Confirm (1), (2), and (3), Art. 122, by obtaining them from (3) and (6), 
Art. 120. 

2. Confirm (1), Art. 122, by showing that Fourier's Equation will diifer- 
entiate into the special form assumed by Bessel's Equation when n = l. 

3. Show that (9), Art. 122, is a special case of (4), Art. 122. 

4. Show that the limit approached by Ji,(aj) as n increases indefinitely is 
zero, and by the aid of this fact and of (8), Art. 122, prove that 

^n^^i^) =l[^^n(^) - (n + 2)J„^oXx) + (n + 4)J„^,(x) + '-]. 

5. Prove that 

~^^ =^^[i7^/„(.r) - (7i + 2)J,,^,{x) +.(,, + 4) ,/,^,(;.) + ...]. 

(). Show that the substitution of 1 1 — '—\ for x in Legendre's Equation 
will reduce it to the form 

ami tliat the limiting form approached by this equation as n is indefinitely 
increased is Fourier's Equation, and hence that J^^(r) can be regarded as some 

constant factor multiplied by the limiting value approached by pAl^~\ 
as n is indefinitely increased. 



226 CYLINDRICAL HARMONICS. [Akt. l'2:i, 

123. To complete the solution of the drumhead problem taken up in 
Art. 11, we found that it would be necessary to develop a given function of r 
in the form 

where /Ai, fi2, fiz, &c., are the roots of the transcendental equation Jo(fi(i) = ; 
and in Art. 11, Ex. the development of unity in a series of precisely the 
same form was needed. 

(a) Let us consider another problem. 

The convex surface and one base of a cylinder of radius a and length b are 
kept at the constant temperature zero, the temperature at each point of the 
other base is a given function of the distance of the point from the centre of 
the base ; required the temperature of any point of the cylinder after the 
permanent temperatures have been established{* 

Here we have to solve Laplace's Equation in Cylindrical Coordinates 
([xiv] Art. 1). 

D> + 1 T),n + ^ Din + D^u = (1) 

subject to the conditions 

74 = when « = 

u = '' lk= a 

and from the symmetry of the problem we know that D^u = 0. 
Assuming as usual ?* = B,Z we break (1) up into the ec^uations 

d'E.ldH 

■^ + 7^ + ^^ = ^^' 

whence u = sinh (fiz)Jo(fi7*) (2) 

and u = cosh (fiz)jQ(fir) (3) 

are particular solutions of (1). 

If fjL/u is a root of '^(Ma) = (4) 

u = sinh (fjLf.z)Jo(fitr) 

satisfies (1) and two of the three equations of condition. 

If then f(r) = JiJo(fii7-) + Ac^T^{ti^r) + As^/o(fisr) H (,">) 

Mu A^2» M«? &<^*-? being roots of (4), 

, sinh (iiiz) ^ , X I 1 sinh (fioz) ^ , x , . sinh (u^z) ^ , x . 

satisfies (1) and all of the equations of condition, and is the required solution. 
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(p) If instead of keeping the convex surface of the cylinder at the temperar 
ture zero we surround it by a jacket impervious to heat, the equation of 
condition n = when r = a will be "replaced by D/u = when r = u, or if 

It = sinh (fiz)jQ(fir), 

by — " ; == when r = a, 

that is by M)'(M«) = * or (v. (1) Art. 122) 

by J,(^a)=0. (7) 

If now in (5) and (6) /Ai, /A2> Ms? &c., are roots of (7), (6) will be the solu- 
tion of our new problem. 

(c) If instead of keeping the convex surface of the cylinder at the tempera- 
ture zero we allow it to cool in air at the temperature zero, the condition n = 
when r = a will be replaced by D/u + hn = when r=^a, or if 

'?^ ^ sinh (^iiz)Jyi(^fir) 
by ^ fiJo(fJL7') + hJ^^fir) = when r = a 

that is by fiaJo(fia) + ahJo(fia) = or (v. (1) Art. 122) 

by fiaJi(fia) — ahJo(fia)=^0. (8) 

If now in (5) and (6) /Ai, fi2, /^s, &c., are roots of (8), (6) will be the 
solution of our present problem. 

124. It can be shown that J^o(^) =0 (1) 

Ji(x)==0 (2) 

and xJoXx) + \Jo(3c) = ' (3) 

have each an infinite number- of real positive roots (v. Riemann, Par. Dif. 'Gl., 
§ 97). The earlier roots of these equations can be computed without serious 
difficulty from the table for the values of Jo(^) (Table VI., Appendix). 

The first twelve roots of Jo(x) ^0 and Ji(x) =0 are given in Table IV., 
Appendix, a table due to Stokes. Large roots of Jo(x) = and of Ji(x) = 
may be very easily computed from the formulas 

x^_ _ OK , .050661 __ .053041 .262051 __ 
TT "■ *' ^^ "^46—1 (4s - ly "^ (4s - 1)^ ' " (^^ 

5j! _ I. 9r __ '^51982 .015399 __ .245835 
^^s + .^o ^^^^ +(4,s--f-l)« (4s + iy^"' W 

« 

given by Stokes in Camb. Phil. Trans., Vol. IX., x^J^ representing the sth root 
of Jo(x) = 0, and x^'^ the sth root of Jx(x) = 0. 

* We shall find it convenient to use the familiar notation off'{x) = ~-f^ (v. Dif. Cal., p. 119). 
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125. We have seen in Art. 123 that 

U=^^\ii\i{fit,z)Jf^li,,r) and F=sinh(/Ai«)e7o(A^/^) are solutions of ^^U=i) 
aod V^F=0 if we express Laplace's Equation in terms of Cylindrical 
Coordinates (v. (1) Art. 123). 

Hence, if fdS represents the surface integral over any closed surface, we 
have 

by Green's Theorem (v. Art. 92). 

If we take the cylinder of Art. 123 as our surface, and perform the 
integrations and simplify the resulting equation, we find 

a 

H'k r-i 

I) 

A*/ A*! 

Hence if /x^. and fii are different roots of 

^o(M«)=0, 
or of Ji(fiu)=Of 

or of fiaJi(fia) — XJo(fJLa) =0, # 



a 



then JrJf^(fii^r)J(^(fii7^)dr = 0. (2) 

u 

EXAMPLE. 
Obtain (1) Art. 125 directly from Fourier's Equation 

126. We are now able to obtain the developments called for in Art. 123. 
Let f(r) = A,J,(,i,r) + A^,(fjL^r) + A^/,(fi,r) + • • • (1) 

fJLi, fjLz, fiz, &c., being roots of Jo(fJi'ff) =0, or of Ji(fia) =</, or of 

To determine any coefficient A^. multiply (1) by rjQ(fi^i')dr and integrate 
from zero to a. The first member will become 



a 



j^f{r')Jo{H'k^')dr. 
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Every term of the secoiul member will vanish by (2) Art. 125 except the 
term 



n 



A,Jr(J„(,i,r)ydr. 







fr(Jo(fi,r)ydr = j-^ f^(J,(x)ydx = | [(Jo(fi,a)y + (^i(/i,a))«] 



^% 



by (10) Art. 122. 



a 



The development (1) holds good from r = to r = a (v. Arts. 24, 25, and 88). 
If fii, fi2, fi^, &c., are roots- of Jo(fJ^) = 0, (2) reduces to 

a 

^* = a\J,l,.,a)r S'^(r)'W^r)dr. ' (3) 

If fii, fi2f fjLsy &c., are roots of Ji(fia) =0, (2) reduces to 



^* = a\jLa)y f^-fi^-yoit^^y^. (4) 



If fti, /is, /Lis, &c., are roots of fiaJi(fia) — XJ^^fia) =0, (2) reduces to 

2u 2 >^ 



A.= 



For the important case where /(;•) = 1 



a a %.« 

frf(r)J^fitr)dr = jrJ^{ti^r)dr = —^ JxJo(x)dx = ^ Jiifi^a) (6) 



by (9) Art. 122, and (3) reduces to 

(4) reduces to J^. = except for ^ = 1 when fi^. = and we have -^j = I , 

2X 

(5) reduces to A, = ^^^-^-^^^^ . (8) 
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EXAMPLES. 

1. Show that in (12) Art. 11 any coefficient A^. has the value given in (3) 
Ai-t. 126 ; and in the answer to Art. 11, Ex. the value given in (7) Art. 126. 

2. Show that if a drumhead be initially distorted so that it has circular 
symmetry, it will not in general give a musical note ; that it may be initially 
distorted so as to give a musical note ; that in this case the vibration will be 
a steady vibration ; that the periods of the various musical notes that can be 
given when the distortion has circular symmetry are proportional to the roots 
of «^(a;) = ; that the possible nodes for such vibrations are concentric circles 
whose radii are proportional to the roots of «/o(^) = 0. 

3. A cylinder of radius one meter and altitude one meter has its upper 
surface kept at the temperature 100°, and its base and convex surface at the 
temperature 15°, until the stationary temperature is set up. Find the tempera- 
ture at points on the axis 25 cm., 50 cm., and 75 cm. from the base, and also 
at a point 25 cm. from the base and 50 cm. from the axis. 

Arts,, 29°.6 ; 47°.6.; 71°.2 ; 25°.8. 

4. An iron cylinder one meter long and twenty centimeters in diameter has its 
convex surface covered with a so-called non-conducting cement one centimeter 
thick. One end and the convex surface of the cylinder thus coated are kept at the 
temperature zero, the other end at the temperature of 100°. Find to the nearest 
tenth of a degree the temperature of the middle point of the axis, and of the 
points of the axis twenty centimeters from each end after the temperatures 
have ceased to change. Given that the conductivity of iron is 0.185 and of 
cement 0.000162 in C. G. S. units. Find also the tempei-ature of a point on 
the surface midway between the ends, and of points on the surface twenty 
centimeters from each end. Find the temperatures of the three points of the 
axis, supposing the coating a perfect non-conductor, and again, supposing the 
coating absent. Neglect the curvature of the coating. 

Arts,, 15°.4 ; 40°.85 ; '72°.8 ; 15°.3 ; 40°.7 ; 72°.5 ; 0°.0 ; 0°.0 ; 1°.3. 

127. If instead of considering the cooling of a cylinder as in Art. 123 we 
have to deal with a cylindrical shell whose curved surfaces are co-axial 
cylinders, we are obliged t() use the BessePs Functions of the second kind. 
Let our equations of condition be 

t^ = when z^O, m = when r = a, 

u=f(r) " z^=^by u = " r-=c. 

Then (v. Art. 123) 

V = sinh (/.,^)[jo(M.^) - ^^ A-o(^,r)] 
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where fij^ is a root of the equation 

will satisfy Laplace's Equation [(1) Art. 123] and all of the equations of 
condition except the second. 

is the required solution if 



* = i 



The development (3) is eg^ily obtained. 

Call the parenthesis for the sake of brevity J5o(/A^r). Then by the method 
of Art. 125 we get if we integrate over our cylindrical shell 

r 

^r B,(^L^) Bo(ii,r)dr = (4) 

a 

if fit and /a,, are roots of (1) ; and by an easy extension of (10) Art. 122 

c 

J'r[5„(M*r)]»rfr = i{cXB,'(,i,c)Y - .."[^o'WO]^- (5) 



a 



Determining the coefficients in (3) as in Art. 124 and simplifying by tlie 
aid of (4) we have 

^ = « . (6) 



EXAMPLE. 

If a membrane bounded by concentric circles of radius a and radius b, and 
fastened at the edges, is initially distorted into a form symmetrical with respect 
to the centre, and then allowed to vibrate 

y = S^t cos (M,.6-o[^«(/**'-) - ^^) ^oCm**-)] 

where Aj^. is obtained from (6) Art. 127 by replacing c by 6. 



/ 
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[Art. 128. 



128. If in the cooling of a cylinder w = when z=0, u = when z = by 
and u =/(«) when r = a, the problem is easily solved. 

If in (2) and (3) Art. 123 fi is replaced by fii we can readily obtain 

z = sin (/A«) J^Qiri) 
and z = cos (/a«) Jo{firi) 

as particular solutions of Laplace's Equation [(1) Art. 123] ; and 



X X ' X 

Jq(xi) = 1 + -^-jjh 22 42 "1 22 42 g2 » 



(1) 



and is real. 



it= « 



/(«) = X ^* ®^^ 



ft 



where 

by Art. 31 (7) and (8). 

Hence 
is our required solution. 



= -J/(.)sin 



kirz 
kirz 



dz 



(2) 



*=« 



u 



= V J^ sin 



iL=l 



/knrriX 
b /kiraiK 



(3) 



EXAMPLES. 



1. If the cylinder is hollow and we have u 
z=^b, w = when r = c, and u=f(z) when r 

/k'/rrt\ -r^iknrn 



when ;*; ^ 0, ?« = when 
: a ; then 



ibaoo 



XI 



=x^*®^^ 



A;w« 



ii = i 



/kirc%\ 'r=p-/kTrci\ 



/kiraiX 



^(^) 



/kTrc%\ -r^/kirc%\ 



where ^j,. has the value given in (2) Art. 128, and 

K^(xi) = K^(xi)'-jQ(xi)\ogi - I ^ ^' 



X' 



iC' 



a;^ 



= ,/„(a-i) log x — -^-\-^^^{\ + i) -2^42762 (^ + i "b |) + " * 

[v. (4) Art. 120], and is real. 

2. A hollow cylinder 6 feet long whose inner surface has the radius 3 inches, 
and whose outer surface has the radius 1 foot, has its bases and outer surface 
kept at the temperature 0°, and its inner surface at the temperature 100°, until 



\ 



N 



\ 
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the permanent state of temperatures is established ; lind the temperatures of 
two points in a plane parallel to the bases and half-way between them, one of 
^which is 6 inches and the other 9 inches from the axis. Ans,, 49°.6; 20^.2. 

129. If in the problem of Art. 123 the temperatures of the points of the 
upper base of the cylinder are unsymmetrical so that w=/(r,<^) when » = b, 
we have to get particular solutions of Laplace's Equation [(1) Art. 123] for 
the case where D^u is not equal to zero. We readily find that 

u = sinh (fiz)[^A cos /i<^ + J5 sin ^<^]«/„(/ir) 

and n = cosh (fiz)[^A cos 7i<^ + ^ sin n<l>]Jn(fir) 

are such solutions, and that 

» s= 00 it = 00 , 

• « = 2 S sinh 'Ij, ^^'* ^°^ *** "^ ^"'^ ^'° «*K(M (1) 

is the solution of the given problem if 

n = X il- =: 00 
M=0 <=I 

where /a^. is a root of the equation 






fi"a 



(3) 



EXAMPLES. 
1. Show that 

a 
•/ H'k r'l 



U 



= -1 Tl It^kJuit^jf^Vn + i(Mita) — f^lMf^k^^Vn + 1(/^^)]- 

Mil r-i 



2. Show that 



/^F«(/^.^)]^^^'- = I \^a\J,X,i,a)y + (^a^ - ~:)(Jn(,i,a) )^] 



a* _ ^ X . « . . ^ , X N 0-. na 



" r'k 
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3. Show that in Art. 129 



2ir a 



A — - •^ 

-tin 1. 



^ 



I 

2^ a 



Cd<f>Jrf(r,<l>) cos n<l>J„(fi^r)dr 



2ir a 



Cd<l>jrf(r,<l>) sin n<f>J^(fi^r)d^ 



2 

^'•' = ^~ «'['/, + i(M*«)r 

4. Obtain the coefficients for the case where the convex surface of the 
cylinder is impervious to heat. 

o. Obtain the coefficients for the case where the convex surface of the 
cylinder is exposed to air at the temperature zero. 

6. Show that if in a drumhead problem of Art. 11 the initial distortion is 
unsymmetrical, so that we have to solve the equation [xi] Art. 1 subject to 
the conditions z '=f{r, <^) when ^ = 0, D^z^O when ^ = 0, z = when r = a, 
the solution is 

« = ^ ^ cos (fij^ct) ( J„, ^. cos 7i<t> + J5„, ;t sin 7i<t,)J„ (/jL^^r) 

»i=0 t= 1 

where A^^j., Bq^., A„i., and B„j^ have the values given in Ex. 3. 

7. What modifications do the statements made in Ex. 2, Art. 126, need to 
make them apply to the unsymmetrical case treated in Ex. 6 ? 

Show that any possible nodal system in Ex. 6 is composed of concentric 
circles and of radii whose outer extremities are equidistant, v. Rayleigh's 
Sound, Vol. I., Arts. (202-207). 

8. Solve the problem of Art. 127 and of Art. 127, Ex. for the unsym- 
metrical case. Suggestion: A J„(x) -\- B K„(x) is a solution of Bessel's 
Equation. 

{), Solve the problem of Art. 128 and of Art. 128, Ex. 1, for the case where 
u =f(z, <!>) when r = a. Suggestion : u = sin /x«(^cos 72<^ + 7? sin ni^)J„(^ri) 
is a solution of Laplace's Equation, and f(z, <^) can be developed into a double 
Fourier's Series [v. (15) Art. 71]. 
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10. Show that in dealing with a wedge cut from a cylinder by planes 
passed through the axis, or with a membrane in the form of a circular sector, 
it may be necessary to use Bessel's Functions of fractional or incommensurable 
orders. 

11. Be^mouUWs Problem (v. Chapter IX). In considering small ti-aus verse 
vibrations of a uniform, heavy, flexible, inelastic string fastened at one end 
and initially distorted into some given curve, we have to solve the equation 
D^y=^c^{xDly-\- D^y)^ subject to the conditions D^y^^O when ^ = 0, 
y =f(x) when ^ = 0, y = when x = a ; the origin being taken at the 
distance a below the point of suspension and the axis of X taken vertical. 

1= X 

Show that y = 5) ^* ^^® f^i^^^ ^o(M'k^) > 



A = i 



X . x^ x' 



and ft^ is a root of the equation 

a a 

JjXx) B,{,ilx)dx jf{x) ,7,(2 ,i^\fi)d^ 

12. As a simple case under Example 10 consider the vibrations of a circular 
membrane fastened at the perimeter and also along a radius and then initially 
distorted (v. Rayleigh's Sound, Art. 207). In this case we must modify the 
formula given in Ex. 6 by dropping out the terms involving cos /i<^ and by 

fllh 

taking w = — • The required solution is 

m= 7c I,- = -K 

111=: 1 * = 1 

Jm(/Jia) 

where u^ is a root of ^^ ^ = 



2ir a 



and B^ ,. = 



C<^<t>J'^f(ry<l>) sin ^ Jfi(/Jikr)dr 



*»'* TT '''['/-'WO]' 
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For the terms in which m is odd, Jm{x) can be readily obtained from (13) 

Art. 122, which will become a finite sum. 
For example, (13) Art. 122 gives the values 

^4(^) = \ — sin X ; J^{x) ^ \—(^- sin a: - cos a;) ; 



'^§(^) = -\^[(l+^)sin^ + -cos^J; &c. 

13. The question of the flow of heat in three dimensions involves a problem 
not unlike the last. 

Suppose the initial temperatures of all points in a sphere of radius c given, 
and let the surface be kept at the temperature zero. Then we have to solve 
the equation 

([iv] Art. 1) subject to the conditions 

7^ = wh^n r = c, 
u =f(r, 6, <!>) when ^ = 0. 

If we assume u = T.B, V where T is a function of i only, ^ of r only, and T' 
of 6 and <^ only, (1) can be broken up into 

t1 T 
f- + aWT=0 (2) 

m(rn + 1) r+ ^ A(sin ^ A ^ + 3^^ i>,* F= (3) 



cPH , 2dE , r , w(m + l)"|^ ^ 



(4) 



Hence T= e-<^', r= Y^(fi, <^) [v. Art. 102 (2)], and H is still to be found. 
If in (4) we let x=^ ar and is = Myar it becomes 



r^; 



xax \_ i» J 



which is satisfied by ^ = '^m + \(^)- (v. Art. 17.) 

Therefore Ji = -7= Jm + j(^^)» 

yar 
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m=* 2ir ir 



f(r,e,i>)=~^ Jd,l,,j/(r,eu<l>i)P„(cosy)ain$idei by (3) Art. 114, 



m=0 U 



Mi s X n= m 



= X 2[^«,, /«,«(»•) cos n.^ +.B„_„F„,,(r) sin n^]P"(M). 

1=1 

where a^ is a root of the equation 

c 



V''--^m.,('-) = S ^m,„,*'^m + l(«*»-) 



t=l 



2j*rli^„,„(r)J-„^,(a^)* 
where ,,„,„_, = -i^_^_____ 



The final solution is 

IN =« N = IM X* B= « 



^ = -7= X X L^^(^) X^^'"'**^^'"' * ^^® *** 



mt=0 n=:0 t=l 



cf. Riemann, Par. Dif. Gl., §§ 72 and 73. 



CHAPTER Viri. 

Laplace's equation in curvilinear coordinates. 

ellipsoidal harmonics. 



130. Orthogonal Curvilinear Coordinates. 

If Fi{x, y, z) = p, ' 

F2{x,y,z)=p^ - , (1) 

are the equations in rectangular coordinates of three surfaces that are mutually 
perpendicular no matter what the values of pi, p^ and pg, the parameters pi, 
P2, and Pi, inay be regarded as a set of coordinates for a point of intersection 
of the three surfaces, in the sense that when pi, pg, pz are given the point in 
question is determined, and when the point is given the corresponding values 
of pi, p2, P8J can be found. 

From equations (1) x, y, and z can be expressed in terms of pi, pa, and pg. 
Suppose this done. If now x^y^z are the rectangular coordinates of the 
point pi = a, p2 = ^f ps=^^9 ^^^ rectangular coordinates of the points 
pi = a + dpi, p2 = fr, p8 = are obviously x + D^x.dp^ + cj , // + D^j.dp^ + cj , 
Z'\' I>^z,dpx'\- f-z^ where ci, ca? and cg are infinitesimals of higher orderlthan 
dpx. Hence the square of the distance between the points will differ by an 
infinitesimal of higher order than that of dpi from dn^ where 



Let 



dnl = [(/>p,a-)2 + (7),,.y)2 + {B^zyyipl. 






(2) 



J 



Then if dn^ is the element of length normal to the surface pi=^ay dn^ 
normal to p2 = ^> and dn^ normal to ps = c 



7 f^Pi 



7 ^P2 

dn^ = -r-' 
Aa 



.^/^3 = ^- 



d^i 



(3) 
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The element of surface dSi on the surface pi = a is easily seen to be 

aS,='^, (4) 

and the element of volume dv is 

^,^^ dp,dp^p, (5) 

EXAMPLE. 

Show that Af = {D^piY + {DyPiY + (Api) 

hi = (D,p,y + (j)„p,r + (D,p,y 
hi = (i),p,y + (D^p,y + (Apa)'. 

Suggestion: If hi has the value just given ^ > — ?^' — f^ are the 

ri\ li'i til 

direction cosines of the normal at any given point of pi = (J. (v. Int. CaL 
page 161.) Then 

,ln,=^dx+^di/ + ^'dz=^dp,. 

131. Laplace^ 8 Equation in orthogonal curvilinear coordinates. 
If we apply the special form of Green's Theorem 

f JTV' Vdxdydz = Cd^ VdS (v. Art. 98) 

to the space bounded by the surfaces pi==a, /d2 = ^> p3 = Cj /oi = « + ^pi? 
P2 = ^ + dp2, Pi = c + dps, we have 

whence 

and Laplace's Equation in our curvilinear system is 
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If it liappens that VVi = ^? V=pi will satisfy (7) and we shall have 
Ai/ijAgDp^/T-— ) = 0. In like manner if VV2 = we have J^pAT-Tt^^^^ 
and if VVs = we have ^ps( 7~r" ) = ; and therefore (7) reduces to 

h^D^V+ hiD,'V+ hiD^V= (8) 

when VVi = 0, VV2 = 0, and VV8 = 0. 

132. If instead of having the value of the Potential Function V given on 
the surface of a sphere as in our Spherical Harmonic problem, we have it 
given at all the points on the surface of an oblate spheroid, and are required to 
find its value at any internal or external point, we can easily get a solution by- 
methods in no essential respect different from those already employed, if only 
we rightly choose our system of coordinates. 

If we take an ellipse and an hyperbola having the same foci, and revolve 
them about the minor axis of the ellipse, we shall get a pair of surfaces which 
are mutually perpendicular ; a plane through the axis of revolution will cut 
both the spheroid and the hyperhohid orthogonally. 

The equations of the three surfaces can be written : — 

i^i(a;,y,«,X)=J + 5^, + j;-l=0 (1) 

Ffi{^, l/,z,v)=Z'-vx = 0, (3) 

where X.^> b^> fi^, 2h being the distance between the foci. 

For all values of X, /a, and v consistent with the inequality above written 
the surfaces (1), (2), (3) intersect in real points and cut orthogonally. 

X, fi, and V can be so chosen that the surfaces will intersect in any given 
point, and therefore can be taken as a set of curvilinear coordinates, and 
Laplace's Equation can be expressed in terms of them by the aid of Formula 
[xv] Art. 1. 

From (1), (2), and (3) we readily get 

X == 



6»(l 4- v") 



(4) 
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Whence A^ = -^=^ Ay = ^Vx^:r^' ^^^ = 



fiv 



and 



1 X2__^2 



Ai^ x'-^ - b^ 
[y. 130 (2)]. In like manner we get 

1 ^ K' — fJL^ 

hi h^ - At^ 
1 XV' 



(5) 



and 

and [xv] Art. 1 becomes 



hi 1^{l + vy 



(6) 



(7) 



which is Laplace's Equation in terms of our Spheroidal Coordinates X, fi, and v. 

If now in place of X, /it, and v we can introduce some function of X, some 
function of fi, and some function of v which, therefore, will represent the 
same set of orthogonal surfaces, and if we can choose three functions a, j8, 
and y, which of course are functions of x, y, and z, so that V^a = 0, 
V^)8 = 0, and V^y = 0, equation (8) must reduce to the simple and sym- 
metrical form given in [xvi] Art. 1. 

These functions a, p, and y are easily found. Equation (8) is ^^'^^^=0 
expressed in terms of X, /a, and v. Assume that V is a function of X only ; 
then D^F=0, and i)^F=0, and (8) reduces to 



ACXVX^ — ^'^ />A F] = 



:dV 



whence xVx^ — 6^ — - = c^ , 

dV= ""'"^^ 



XVX^— ^ 



and F=Tsec~*-7> 



and is a function of X which satisfies Laplace's Equation. 
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4 

Take this as a leaving c^ at present undeterminedy so that 

da = — , and a=^— sec *t* 

XVX^ _ 1,2 h h 

In the same way we get 



c^d^ ^ and ^ = -^%ech-^^, 



(v. Int. Cal. Art. 46, Ex.) 



c^v 



dy = z — i — of and 7 = ^3 tan~^ v. 

Substituting these values in (8) and taking (\=z — r^ = h^ and c^ = l, 
(8) reduces at once to 

or since X = /> sec a , /i = ft sech ^, and z/ = tan y , (10) 

to cos2 aD^V-\- cosh^ pD^ F+ (cosh^ ^ — cos*-' a)D^V=^ (11) 



which is Laplace's Equation in terms of what we may call Normal Oblate 
SpJieroidal Coordinates. 

1\\ using (11) it is to be noted that the point whose coordinates are (a, ^, y) 
is the point of intersection of an oblate spheroid whose semi-axes are b sec a 
and b tan a, an unparted hyperboloid of revolution whose semi-axes are 
6sech)S and 6tanh)S, and a plane containing the axis of the system and 
making the angle y with a fixed plane ; and that if the axis of revolution is 
the axis of Y and the fixed plane is the plane of XY, the rectangular coordi- 
nates of (a, p, y) are 

x^=b sec a sech p cos y, y = b tan a tanh fi, z^=b sec a sech p sin y (12) 
[v. (4)]. 

TT 

If now we let a range from to -^ , p from — 00 to 00 , and y from to 27r. 

we shall be able to represent all points in space ; and if we agree that negative 
values of p shall belong to points below a plane through the origin and 
perpendicular to the axis of revolution and positive values of p to points 
above that plane, not only shall we have no ambiguity, but also the rectangular 
coordinates of any point as given in (12) will have their proper signs. 
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EXAMPLES. 

1. If the spheroid is a prolate spheroid, the ellipse and confocal hyperbola 
must be revolved about the major axis of the ellipse, and the plane must con- 
tain that axis. In place of equations (1), (2), and (3) of Art. 132 we have, 
then, 

-H ^ \ 1 = 

z — pi/ = 
where X^ > b- > u-. 

Laplace's Equation becomes 

^5^^-i-^ A[(x* - i^) A n + ^5p^ ^.[(^ - M') A n 

+ (];Ti:^^^fe^AC(i + ^z).F] = o. (1) 

(1) reduces to ^, + ^, + ^^r=^^^t^A*^=0; (2) 



bd\ bd/jL dv 

where da^ — — -y dp= '^ ? d\ = 



X2 — ^,2' -r- b^-^fl^ l+.i/^ 



> 



a = ctnh~^T' i8 = tanh~^9' and Y = tan~'^i/. 

b ' 

Since X = ^ctnha, /x = 6tanh)8, and i/ = tany 

(2) can be reduced to 

sinh^ aD^V+ cosh^ pD^V+ (sinh^ a + cosh^ p)D^ T = 0. (3) 

In using (3) it is to be noted that the point (a, ^, y) is the point of inter- 
section of a prolate spheroid whose semi-axes are b ctnh a and b csch a, a 
biparted hyperboloid of revolution whose semi-axes are b tanh p and ft sech p, 
and a plane containing the axis of revolution and making the angle y with a 
fixed plane. 
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If the fixed plane is that of (XY) the rectangular coordinates of any point 
(a, )S, y) are 

oj = ^ ctnh a tanh j8 , 2/ = ^ csch a sech /3 cos y , « = ^C8chrt sech/3siny, 

and a may range from oc to 0, p from —- 00 to 00 , and y from to 27r. 
Negative values of p are to be taken for points lying to the left of a ])lane 
through the origin perpendicular to the axis of revolution. 

2. Transform Laplace's Equation in Spherical Coordinates [xiii] Art. 1 
to the symmetrical form 

a^ Dl V + cosh2 PD^V + cosh^ /J 2)/ F = 

1 

where a = -> )8 = logtan^j and y = <^. 

3. Transform Laplace's Equation in Cylindrical Coordinates [xiv] Art. 1 
to the symmetrical form 

where a = log r, )8 = <^ , and y = z. 

133. In each of the cases we have considered, it has been easy to pass 
from Laplace's Equation in terms of the chosen coordinates representing an 
orthogonal system of surfaces to the symmetrical form [xvi] Art. 1 ; and it is 
evident that our new coordinate a is a value of V corresponding to such a 
distribution that the surfaces obtained by giving particular values to pi are 
equipotential surfaces ; that )8 is a value of V corresponding to such a 
distribution that the surfaces obtained by giving particular values to pa are 
equipotential surfaces ; and that y is a value of V corresponding to such a 
distribution that the surfaces obtained by giving particular values to pg are 
equipotential surfaces. a, P, and* y are called by Lame '^thermometric 
paraTKietersP 

The condition that these values should exist, for a given system of surfaces, 
that is, that the distribution described above should be possible, is readily 
obtained. We shall work it out for a. It. is merely the condition that V in 
Laplace's Equation may be a function of pj alone. 

If r is a function of pi alone 

T,v-'^^n nv-'^^n nv^^^^i^ 
^•'^"^i^^^' ^'^-dp,^'^'' ^^^-rfpl^-^^- 
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SV dV 



Therefore [(Z),p,)'+ (^.P.)*+ (Ap.)']^+[^J'p.+^,V. + AW? 



= 



whence 



or 



(D,p,)' + (Api)' + (Ap.)'' dp! ■ dp, ' 



where Fi(pi) may be any function of pi alone. Our required conditions are 
then 

-Tir — ^i(pi) 
''1 



V 



Jp=^<p^) 



V 



^' = -PsCps) 



"3 



(1) 



and when they are fulfilled the original curvilinear coordinates pi, pg, pg, 
correspond to possible equipotential or isothermal surfaces, therniometric 
parameters a, p, and y exist, and the reduction of Laplace's Equation to the 
symmetrical form [xvi] Art. 1 is possible. 

134. Returning to our Oblate Spheroid problem of Art. 132 we can proceed 
as usual to break up our equation (11) Art. 132. 

Assume that V= L.M.N', where Z is a function of a only, Jf of )S only, 
and Nof y only. (11) Art. 132 becomes 

cos' a d^L cosh^ P d^M [cosh' p — cos^ a] d^N _ 
L da^^ M dp^'^' y dy^~ 



or 



cos' a 



d^L 1 



cosh')8 d^M 1 c^W 

" ■ — — ^— — — ^^~ ^BMBB mm, m i m^,^ m 



L cosh' ^ -- cos' a dd^ ' ilf cosh' ^ — cos' a d^ N dy^ 



The first member is independent of y, and the second member is independent 
of a and p, and the two members are identically equal. The second member 
is then independent of a, p, and y and must be constant; call it w'. We have, 

then, 

d^N 

^+«W=0 (1) 
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(i) gives us N= A cos ny + B sin ny. (3) 

(2) can be written 

d^L 
whence cos^ a -^ + [n^ cos^ a — m(m + 1)]L = (4) 

and cosh^ 13^ + [m(m + 1) - w^ cosh« ^]ifcf = 0. (5) 

If we introduce x = tanh 13 in (5) it becomes 

where since a::=tanh)8 and fi may have any value from — oo to oo , x may 
have any value between — 1 and 1. (6) is a familiar equation having for a 
particular solution 

M= (1 - x^l ^-^^ = ^i(^) = ^«tanh^). (7) 

(V.' Arts. 101 and 102)' 
If we introduce in (4) x = tan a it reduces to 

(l + -^)S + 2.rf+[rT^.— (- + l)]i = 0. (8) 

(8) is an unfamiliar equation, but it can be treated as (6) was treated if we 
take the pains to go back to the beginning and follow the steps of the treat- 
ment of Legendre's Equation. 

This labor can be saved, however, by noting that if we let a; = ^ (8) becomes 

and is identical in form with (6). Hence 

L = F.1,(y) and L = (l-f)V^^^^ '(v. Art. 101), 

where y=^i tan a, are particular solutions of (4). 
We can avoid imaginaries if we use the values 

Z = (— iy^-«P»(y) and L^i"' + « + \l'-f)2^^^^' (9) 

ay 
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Since we assumed V= L. M. N we have 

r = (^ cos ny-\-B sin ny)P»(tanli ^) (— iy - "P,l(i tan a) 

and V= (A cos ny + B sin yiy)P„ytanh p)i^ -^ ^^ -^ ^ sec*' a "^."J^rf ' ^^\^] \ ^^^^ 

icii'i' xan tt ) ) 

as particular solutions of (11) Art. 132. 

If the problem is symmetrical with respect to the axis of the spheroid 

D^V=0, n^ = and our particular solutions (10) reduce to 

V= (- i)-^P„Xi tan a)P,,(tanh fi) | 
and F=i'» + iy;„(/4;ana)P^(tanh)8). J ^ 

If, then, V is given on the surface of a spheroid as a function of )8 and y, 
we must express it as a function of tanhjS and y, and shall be obliged to 
develop it in terms of Spherical Harmonics of tanh p and y by the formulas of 
Chapter VII, using the first equation in (10) for the value of V at an internal 
point, and the second for the value of V at an external point. If the problem 
is symmetrical, we must develop in Zonal Harmonics of tanh ^ by the formulas 
of Chapter VI. 

A convenient form for Q^(i tan a) is obtained from (2) Art. 100 ; it is 



tan a 



00 

Hence 

tan a 



Q^{i tan a) = — ij^l^^ ^ "" *(! "" V ^^^^ 



EXAMPLES. 

1. A conductor in the form of an oblate spheroid whose semi-axes are 

b sec tto and h tan a^ is charged with electricity and is found to be at potential 

Vq ; find the value of the potential function at any internal or external point. 

Here Vq = FojPo(tanh P). Hence at an internal point 

and at an external point 

V2 ""V 

Since V in (2) involves a only, the equipotential surfaces are all spheroids 
confocal with the conductor. 
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2. The upper half of an oblate spheroid whose semi-axes are b sec a© and 
h tan ao is kept at the temperature unity, and the lower half at the temperar 
ture zero. Find the permanent temperature at any internal point. 



Arts, u 



1 , 3 P,(itana) -r, ,. . a\ '^ ^ PsC^tana) ^ ., , ^. , 



(v. Art. 93). u may be expressed in terms of x, y, and z without serious 
difficulty [v. (12) Art. 132]. 



u 



___! 32^___7 1 1 [2by^ + l%fa' + u' + ^' — ^') — 9^>-//] 
""2"^4"<- 8*2*2 5c« + 3c 



+ 



if 2c = 2^ tan Uq = minor axis of spheroid. 



135. Let us now find the potential function at an external point due to 
the attraction of a solid homogeneous oblate spheroid, using the method em- 
ployed in Arts. 98 and 99. 

Consider first the potential function due to a shell bounded by the spheroids 
for which a = <^ and a = <^ + c?<^ . 

By (1) Art. 98 we have 

47r^K = [Z)„ V, - D„ F2]„=. ^ , (1) 

where p is the density and #c the thickness of the shell, V^ the value of the 
potential function at an internal point, and V^ the value of the potential 
function at an external point. 



Let 



and 



V, = Xa^(- i)-^F^(t tan a)P^(tanh p) 

V2 = ^B^i"* -^ ^Q^(i tan a)P^(tanh fi) [v. (11) Art. 134]. 



Since Vi and V2 must have the same value when a = <l> 



^--^' P^(itan^) ( '^ ^-J, 
[v. (12) Art. 134]. 

Hence Vi = ^i"'B^P^(t2inh l3)F^(i tan a)C 



dx 



(l+a:^)[P„(a;i)J 



(2> 



"N 



dx 



(1 + x%p„(xi)-y 



s~ 



op 



and F2 = 5)**"*^m^m(tanh p)Pm{i tan a) C 



dx 



(1 + x%P„(xi)J 



D„Vi = D,V,.D„a. 



tan a 

D. F, = 7)„ F, . /)„a 



(3) 



> 



'n ^^2 



w 



,¥*- 't 
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[Z)„ V, - D, r,]. . ♦ = [D. Tj - Z). r,]„ „ ^{D„a\ . ^ 

= [A(Fx-F,)]_«[D„a]_^. 

tan a 

dx 



V,~V, = ^i'^B^P^ (tanh fi) P„ (i tan a) J- 



^^(l+x%P„i^)f 



A( ^^1 - Fj) = 5)«'"^m^m(tanh /3) ["^^(i tan a) 



sec' a 



(1 + tan«a)[P„(i ten a) J 



tan a 



■ dP„(i tan a) /* <lx ~| 



■i^.L''! ►'sja-* 2^t -""»P_/'itanA^ 



'''''' = dn 



JPfn(i tan <^) 



rfn = ^ = ~ = , ^' (iX = ^ secaVtan^a + tanh^/J.^ (4) 

V. Art. 130 (3), and Art. 132 (5) and (10). 

•i 



b sec <^ V'tan^ <^ + tanh^ 13 

Hence [i>„ F, - A, ^2]a = « = r"^ X^'"-gm ^"S>r^?i 

■■ « J« ^,sec^V^tan2^ + tanh«^^ '"P^(itan<^) 



K == [rfw]a = 4, = b sec <^ V'tan^ <^ + tanh'^ )8 . (l<t> 
by (4), and (1) may be written 

^npb^^ sec^ ^(tan^ <t> + tanh« /J)e/^ = '^I'^B^ P^i^^l f) ' ^^^ 

Since tanh^ ^ = ^ Po(tanh )8) + § P2(tanh )8) 

by (5) Art. 95, to satisfy (5) we must give m the values and 2 and 

B^ = .4. 7rp/>^ sec- </)(3 tan-^ <^ + l)f/<^ 
and ^2 = ^ Trp//-^ sec- <^(3 tan'-^ </> + l)6/<^ . 



#' ■ Hi 
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So that by (3) 



00 



V, = ^wpb^8ec''<l>(3tSLn^<l> + l)d<l>V C- 



dx 



tan 9 

CO 

tan <^ 

and l\ = J irp^^ sec^ ^(3 taii^ ^ -\- \.)d<j}\iQQ(i tan x). 

+ t^P2(tanh p) Q^(i tan a)] . (7) 

The potential function at an external point due to the solid spheroid for 
which a = Co is 

^— j ^2 = J^/o^*sec2aotanao[iGo(^tana)+i^P2(tanh)8)^2(*'*ana)]. (8) 

If 2a is the major axis and 2c the minor axis of the spheroid 

*i7rp/y^ sec^ tto tan Uo = i -^ — = -r 



where M is the mass of the spheroid. Therefore 

M 

V=j [iQo(i tan a) + t»P2(tanh 13) Q^(i tan a)] (9) 

is the required value. (9) can be reduced to 

EXAMPLES. 

1. Break up the equation (3) Ex. 1, Art. 132, for the prolate spheroid, and 
obtain particular solutions of the term 

V=(A cos ny + B sin wy)P,;(tanh )8)P„»(ctnh a), 
V = (A cos ny + B sin ny)P»(tanh p) (- l)^ csch" a '^''^m{^^^^^a) 

2. Break up and solve the equations of Exs. 2 and 3, Art. 132, and show 
that they lead to familiar forms. 

3. If in Ex. 1, Art. 132, the conductor is a prolate spheroid whose semi- 
axes are h ctii a„ and b csch Uq show that 

F= Vq at an internal point. V= l\— at an external point. 
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4. Show that the potential function at an external point due to the attrac- 
tion of a homogeneous solid prolate sphenoid is 

r = y [ ©o(ctnh a) — P2(tanh p) QgCctnh a) ] . 

Ellipsoidal Harmonics. 

136. If we are dealing with an ellipsoid instead of a spheroid, we can take 
as our orthogonal system of surfaces a set of confocal quadrics ; 



5-' + -^ + ^^ 1 = 0^ 

\aT^ X2__ 7/2~ x2— /.2 



— H ^^ 1 1 = 

5'+_^!_ + _?! 1 = 



Y (1) 



where X^> c^> /i*> i^> i'^. Here the first surface is an ellipsoid, the 
second an unparted hyperboloid, and the third a biparted hyperboloid. Each 
of the three principal sections of the system consists of confocal conies, and it 
is well known and is easily shown that the surfaces cut orthogonally. X, /x, 
and V will be our curvilinear coordinates, and are known as Ellipsoidal 
Coordinates. 
We find without difficulty that 



aj' = 



To avoid ambiguity, we shall suppose that of the nine semi-axes in (1) 
yjc^ — /i2 ig iq \yQ taken with the positive sign for a point on the half of the 
unparted hyperboloid on which z is positive, and with the negative sign for a 
point on the half on which z is negative ; >Jb^ — v^ is to be taken with the 
positive sign for a point on the half of the biparted hyperboloid on which y is 
positive, and with the negative sign for a point on the half on which y is 
negative ; i/ is to be taken positive for a point on the half of the biparted 
hyperboloid on which x is positive, and negative for a point on the half on 
which X is negative, and that the remaining six are to be always positive. It 
follows that our Ellipsoidal Coordinates have the disadvantage that to fully 
fix a point we need to know not merely the values of its coordinates X, /*, and 
Vy but the signs of sj<r — fi^, and ^l/^ — p^ as well. 



252 ELLIPSOIDAL HARMONICS. C^RT. 136. 

We shall see later, Art. 139, when we come to introduce what we may call 
the Normal Ellipsoidal Coordinates a, p, and y that they are free from this 
disadvantage. 

It is to be observed that \ may range from c to oo , /i from b to c, and v from 
— b to b. 

The element of length perpendicular to the Ellipsoid is 






The element of Ellipsoidal surface is 



and the element of volume is 

The surface integral of any given function of /jl and j' taken over the 
ellipsoid is 

be 



6 b 



+./;(M,^)3(M' - "') V (^. - ,^%- ''^%- ;^(.. - ,^ - ^M, (7) 

where /i(/^,J'),/2(/^)^)j/8(/^)^) and /^(fifV) are the values of the given function 
on the four quarters of the ellipsoid into which it is divided by the planes of 
(XY) and (XZ), 

Laplace's Equation proves reducible to 

(fi' -v'')Dl F + (X^ - v^)Dl V+{\^- /JL^)D^ V=0 (8) 

where a^=c { — , — - ^^ ^ y3= ( , => 

/dv 
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a, p, and y can be expressed as Elliptic Integrals of the first class and are 



'=<-d-<-^-'i)- ^=KV'-?-^"- ,—?:). 



1-^. 



f(|,.,„-.0i (10) 



whence X = — t=z r(mod-) = c (mod-ij 

sn(A — a)\ c/ cna\ c/ 



(v. Int. Cal. Arts. 179, 192, and 196). 

137. If in (8) Art. 136 we assume V=L,M,N where L involves a only, 
Jf involves fi only, and iV' involves y only, (8) can be written 

L da''^ M dfi^^ N dy^~ ^^ 

(1) is too complicated to be broken up by our usual method. 
If, however, we let 

substitute in (1) and make use of the fact that the result must be identically 
zero, we find that the coeflicients are zero for all values of k except >fc = and 

k = 2, and that a© = — ^o = <^o > ^^^ ^2 = — ^2 = ^2 • 

Therefore (1) can be broken up into the three equations 

2=(«0 + «2^^)-^ 



da 

d^M 

d^ 



= — (ao + a2/JL^M 



d^N 

-7^ = (tto + azV^)N. 
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We shall find it convenient to take a^ as m(m-\-l) and Qq as 
whence 



(/>2 + c^p ; 



da" 

cm 

d^ 



— \m{m + 1)X* — {b^ + c^)p]L = 



+ [m(m + l)fi^ — (b^ + c^p']M= 



d^JS 



dy 



- — [m(m + l)i/2 — (b^ + c^)p]N= 0. 



!^ 



(2) 



If now in (2) we replace a, fi, and y by their values in terms of X, fi, and 
I/, we get 



(^^iJf 



(M« - b^ifi' - c^) —, + ^l{^l^ - /^'^ + /.« - c^) 



— [7n(m + 1)X2 —(1^ + c^)p]L = 



d^i? . 



(i/A 



^iVT 



— [m(//i + l)/!^ — (ft* + e2)j9]il[f = 
dN 



— [m(m + l)i^ — (ft2 + c')p]N= 0. 
Whence if Z = ^£(X), it follows that Jf = ^"^^(A) and iV= ^£(i/), and that 



(3) 



is a solution of Laplace's Equation, (8) Art. 135. 
The equation 

(;r- _ ft0(ar2 - 60|^2 + a^(ar2 - ft* + a!* - c2) 



(4) 



dx' 



dx 

[7n(pi + 1)0*-' — (ft* + (^)p'\z = (5) 



is known as Lamp's Equation, and E^^(x) as a Lame^s Function or an Ellip- 
soidal Harmonic, We shall suppose m a positive integer. 

To get a particular solution of (5) let z = Sflr^a^*. Substitute in (5) and 
reduce and we get 

lk(k + 1) - m(w + l)]a, -T- [(ft* + (^){k + 2)* -i?]«,^2 

+ ft*c*(A- + 3) (A^ + 4)a^ H. 4 = 0. (6) 

We have now only to choose a sequence of coefficients satisfying (6), and we 
may take any two consecutive coefficients arbitrarily. 
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(6) which is ordinarily a relation connecting three consecutive coefficients 
reduces to a relation between two when A: = m, when A: = — 3, and when 
/: = — 4. If we take am+2 = ^) <*m+4> ^m+e? &c., will vanish. Let a^ = l. 
If m is even the coefficient of a© ^^ (6) will be zero ; if p has such a value 
that a_2 is zero, a_4, a_e, &c., will be zero, and there will be no terms in 
the solution involving negative powers of x. 

If we write the values of a„_2> «m-4> &c., by the aid of (6) we see that 
rt,„_2 is of the first degree in^, ^m-^ ^^ ^^® second degree in p, &c., and a_2 

of the degree 77 + 1 in j9. There are then -^^ + 1 values of p which we shall 

call P\, P2^ Pzi &c., for which a_2 will vanish, and for which our solutions will 
be of the form 

if w is even. 

If m is odd, the coefficient of ai in (6) will vanish and we can choose p so 
that a_i shall be zero, and then all coefficients of lower order will vanish. 

a_i is of the degree — - — in jo, and there will be — ^ — values pi, p^, Pzy 

&o., of p for which 

Elix) = a:*" + «„._2a^~^ + «m-4aj"*"* H h ^i^^. 

Following Heine we shall call the solution just obtained K^{x) so that 

ir£(a')=aj"' + a„_2.r™-2 + (i^_4^'"-*+--- (7> 

terminating with a^ if m is even, and with a^x if m is odd. If m is even, 
there are — +1 of these functions K^(x)^ J^m{^)i &c., and there are — ^ — 
of them if m is odd. The coefficients can be computed by the aid of (6). 



If in Lame's Equation (5) we let z = v>Jx^ — ^ we get the equation 

— [(m + 2) (m - l)x' + 6- - (V" + (f)p-]v = 0. (8) 

Letting t? = ^a^x'' we obtain the relation 

lk{k + 3) - (m + 2)(m ~ l)]a, - {(^ + (^\{k + 2)2-;.] + t^}a,^, 

+ ^c2(^ ^ 3) Q^ ^ 4)^^ + 4 = 0. (9> 
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Proceeding exactly as before, we find that there are -^ values qi, q^, q^, &c., 

jyi —I" 1 
of ^ for which v = x'^''^ -\- a,^_^x*^~^-\ \- aix if m is even, and — ^ — 

values for which r = a:™~ ' + a„_3a:"*~' H \- a^ if m is odd. 

Calling V Va?- — ^ Ll{x) so that 

i£(a:) = six' - ^[or— ^ + a,,_,3^-^ + a„_,x-^-' + -"l (10) 

terminating with aiX if m is even and with Uq if m is odd, we have — 

values of E^(x), namely X„'/(aj), L^*(x), &c., of the form (10) if m is even 

m + 1 
and — ^ — values if m is odd. 

By interchanging b and c in (8), (9), and (10) we may show that if 

MS.(x) = Vj---fi^ [«"•-■ + a^_,a^-"^ + 't^-,*"*-* + • • •] (11) 

there are — values of ^^(x), namely M;^(x), M;;*(x)y M;^(x)^ &c., of the form 

'tit I J 
(11) if m is even and — ^ — values if m is odd. 



Finally if in Lame's Equation (5) we let x = r\/(ic^ — b^)(x^ — 6*=*) we get 

- [(?;i + ^Xm — 2)a;2 - (^,2 + ^^)^p — i)]y = Q. (12) 

If now we let v = ^a^a:** we obtain the relation 
{k{k + 5) — (m - 2)(wi + 3)]^* 

- (^'-' + ^•')[(^' + 2)(A' + 4) + 1 -i^K^o + ^c2(^- + 3)(^- + 4)a,^;= O. (13) 

lit 
Proceeding as before we find that there are — values of *'i, s^, Sg* &c., of 2> 

for which v = ar'" ~ - + a„ _ 4 ar*" ~ * + «„, _ « a*"' " '' + Y a^ if 7/i is even, and 

— - — values for which \^ = a:™~- + a^_^x'^-^ + * * * + (ly^x if m is odd. 



Calling ?V(.r- — ^r)(^' — ^•') -'^/X'^^) ^o that 



^V«^) = V(a^-^ - ^)(a-^' - c2)[^»-2 + a„,_,x— * + <^.-r.a^"— '• + ' ' *] (14) 

terminating with a^ if vi is even and with a^xxi m is odd, we have ~ values 
of i^'£(a:), namely iV;;,^(a:), N^(x), N*^(x), &c., of the form (14) if m is even and 
— —^ — values if m is odd. 
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Suraming up our results we see that 2m + 1 Ellipsoidal Harmonics ^^{x) 
each of which is a finite sum of the with degree in a:, or in x and ^x- — ^, or 
ill X and ^x^ — (r*, or in x and ^xr — b^ and ^x^ — c^. 

It was proved by Lame that the 2m -f 1 values of p, namely 2hrp29 Ps9 &c., 
7i? ^2> S'sj &c., ri, r.2f rg, &c., .Si, 82, s^y &c., were all real, and by Liouville that 
they were all different. 

We give tables of the Ellipsoidal Harmonics for m = 0, m = 1, m = 2, and 
7n = 3. The coefficients were obtained by the aid of formulas (6), (9), 
and (13). 

Eo(x) E,(x) 





E,(x) 




Kt{x) — a:2 - J [/>2 + c-2 - ^(Jj'^ + d^f - 


- 36V] 


L2{x) —xy/x' — fi' 
M.(x) —x)/x' — c' 


- 3^^c2] 


N^i^) -V(a'--'-^2)(x—r'2) 



J'M^) 



Kp(:r) = J» - p [2(i^' + c-") - V4(i!.- + c^)- - 15iV] 
AJ.(a-) = a-» - 1 [2(^2 + c2) + V4(//-' + c^f - IS&^c*] 



Vi-' — Ir'lx- — J (/-.» + 2c2 — v/(6= + 2c=')=' — 56V)] 
vGr' — i«[a:« — J (i-^ + 2c' + ^(6- + 2c«)* — 66 V)] 



/.?-(a:) 

Mp(x) = Vi^^^'E*' - J(2''' + c^- V(262 + c")' - 56»c2)] 
J|f,".(a;) = V'i^"^^^[.r= - i(26* H- c' - v/(26^ + c-')--56V)] 
2i,(x) =aV(-c-- 6-) (■»"-'••') 
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It is to be noted that since in the solution (4) of Laplace's Equation, 

we have the same m and jo in each of the three factors, we shall have' to deal 
merely with products made up of factors of the same form, for example, 

k:\\) jc*(m) k:%v) , l:\\) l:%^) l:\v) , &c.; 

and that in a solution of the form 

^ = S^'«* ^™(^) ^"(^) ^»('') 

we shall have for a given m just 2m + 1 terms. 

138. From the particular solution of Lame's Equation [(5) Art. 137] 
z = Ej^(x)y we can get by formula (5), Art. 18, the general solution. 

Making ^ = and B = 2m + 1 we get a second form of particular solution of 
Lamp's Equation, z = F^(x) where 

00 

J* dx 
. — (2) 

We shall call F^(x) a Lamps Function oftlie second kind. 

It is easily seen to approach the value zero as x is indefinitely increased. 

EXAMPLES. 

1. If an ellipsoidal conductor is charged with electricity, and is found to 
be at potential Vq, show that since Fo= VqKqQC), 

at an internal point, and 

dx 



r= r„A:„(M)Ao(v)[iiro(x)J^== 



b'Xx' - c%K,(x):\ 



2 



'^ V V?^' - y^ (x^ - c^) rxjx) id 



» 7 «2. • 7 -^ /'|-,sin~^7) 

"L^ ^(x' - h^)(x^ ->^ 'J y/(x' - l>Xx^ - c^) J 'p/b^ gjj^_i ^\ 
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' W-'I)-«) 

whence F= V^ ' , \ v. (10) Art. 136. 

. 2. Find the value of the potential function at an external point due to the 
attraction of a solid homogeneous ellipsoid (v. Art. 135). 
Observe that 

' ^L v/(^,2_|.^.2)2_3J2^2j 2 VA-/ iV/, 

and that 

where M is the mass of the ellipsoid. 
Jins. F = " ' 






V(a!2 — ^»2)^^2_i^2) 

3 r,.« .;,..,....... r ^ 



A 



139. If for the sake of brevity we represent - by k, and ( 1 — — ) by A;' in 
the formulas (11) Art. 136 we have 

^ = '^a(''''^''^' ^ = dufi(Ldk'y '' = *«ny(modA:) (1) 

and from these we get without difficulty (v. Int. Cal. Art. 192) 



/"T, To ^k' . . r~z To bk' sn 3 , , , ^ ^ 

)/P^^i7' = bcny(modk), Vx» — c* = — — (mod k), 

\f^^^^ = ^^ (modk'), Vc^ — 1/2 = c dn y (mod k) . 



(2) 
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If we let a range from to K, and p from to 2K\ and y from to 4A'', 

where K and JST' are the complete Elliptic Integrals Flk, — \ and Fik^, — \ 

respectively, (a, /8, y) may represent any point in space, and there will be no 
ambiguity in sign (v. Art. 136). 

We may note that if 0<p<K', z is positive ; if K'<p< 2K\ z is 
negative ; if < y < ^, x and y are both positive ; if K<,y<. 2K, x is 
positive and y negative ; if 2K < y < 3^, x and y are both negative ; and if 
3/f < y <4^, X is negative and ?/ positive (v. Art. 136). 

We can write the values in (4), (5), (6), and (7), Art. 136, more neatly by 
bringing in a, p, and y. We get 

dn = - )/(\^ — fi^)(k^—v^) (la, (3) 

dS = ^,(/t^ - P'))/(X?-^^%X'-V')dfidy, (4) 

dv=z\(\^^fjL^)(\^^v')(fjL^ — j^)dadpdy. (5) 

For the integral of any function of a, fi, and y over the ellipsoid a = a^^, we 
shall have 

2A" 4K 

140. If we make use of the formula (2) Art. 92 

J( UD„ V - VD„ U)dS = (1) 

and take as our closed surface any given ellipsoid, we can get a very important 
result. 

If U=EP(\)EP(^L)Fi',(p) and r=ES(\)E;<{ii)E:{v) 

then V-t^=V'F=0. 



D„U=D^ UD„a = E^,(t^)Ei;,(p) ^^ -== 



and D„V=D,VD„a = ES{^)ES(y) 



dEl(K)^ c 



UD„V-VD„U 



= E,i^)E^(v)E.^(^)ES(.){El^^K) '-^(p. - E^iX) '-^^).,_'_- 



^\''-/i'){X^ — ,>') 
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« 

Integrating UD„V— VD„U over the whole ellipsoid, and writing the result 
equal to zero, we have 

4 



2K' 4K 



Hence JdpjES,{^)Ei;,(y)ES{^L)ES(y) {,1? - .^)rfy = (2) 



(I 



unless W'-^F-^^(A)^^ = 0. (3) 

But as our ellipsoid may be taken at pleasure, A and a are unrestricted, and 
if (3) is true it must be true identically. 
If we divide (3) by [^£(X)]^ it becomes 

#r^l=0 and fi^ = a constant; 

and this obviously cannot be true unless 71 = m and q'=p* 

EXAMPLES. 
1. Show that it follows from (2) Art. 140 that 

K' K 

jdpCES,{tJ^)ES,{v)ES{ti)ES{v)(ji' - i^)dy = 0. 

-K -K 

Suggestioii : 



2K 



j ES,{fi)ES{fi){fi' -y^d^ = J EP{,i.)ES{^X,j? - ^)dfi 



2K 



+fEP(pL)ES(fiXfi' - ^) dp. 



K 

If in the last integral we replace ^ by /3 + 2A''' it becomes 





i JEP{iJL)E:{ii){ii^ - ip)dp 



-K' 

V. Arts. 136 and 139 and Int. Cal. Art. 196. 
2. Show that 

'IK' AK K' K 



jdpj\_ES,{ix)E^(y)J{,i' - v^dy = sfdfiflESl(^)ES,(v)J(^L' - v')dy. 

U 
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141. We can now solve the problem of finding the value of V at any point 
in space when it is given at all the points on the surface of the ellipsoid 

We have first to develop in Ellipsoidal Harmonics a function of fi and i/ or 
rather of a and /8 given at all points on the surface of the ellipsoid in question ; 
and this is now easily accomplished by our usual method, which leads us to 
the result 

f(<h,fi,y) = X XA^,p,K\I^)K\v), (1) 

2K' AK 

where <p, = " T- if — (2) 

8 jrf^ j[<*(/tX*(i/)] V - v')dy 



Our final solution is 
at an internal point; 

at an external point. 

Lame has proved rather ingeniously that 



A A 







77* 

can always be found and that it is equal to — multiplied by a rational integral 

function of the coefficients of E^^^(x) and of c^ and i - ) • 

Of course the labor of obtaining even a few terms of the development of a 
function that is in the least complicated is enormous. 

142. If in Laplace's Equation (8) Art. 136 we let V=Ej;^(\)U supposing 
?7 to be a function of p and y only, we get after replacing — '; ^ 

by its value m(w + 1)\^ — {l^ + 0^)1^ [v. (2) Art. 137] 
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and since by hypothesis U is independent of A, the coefficient of X^ in (1) 
must vanish. Hence 

DlU-\-D^U+{ti^-i^)m{m + l)U^O. , (2) 

Of course U= El{fi)ES,{v) will satisfy (2). 

EXAMPLES. 

1. Substitute U= EP(fi)EP(v) in (2) Art. 142 and by the aid of (2) Art. 137 
show that the equation (2) Art. 142 is satisfied. 

2. Obtain (2) Art. 140 directly from (2) Art. 142. 

3. Conical Coordinates. Consider the system of coordinates defined by the 
equations 

aj^ -|- ^ + «^ = 7*^ 



^+ y* + ^ =0 

fi^ fi^ — b^ y? — <? 



(1) 



where c^ > /i® > ^ > i^. 
Show that 

1 1 

Laplace's Equation is 

Dl V + DIV+ (fi' - i^)D,(r^D, F) = (2) 

where a= I . =: and B= | . _? 

If V=U.R (2) breaks up into 

. D!U+D^U+m(m + lXH''-i^)U=0. (4) 

(3) gives E = A7'"* + Br-"*-\ 

(4) gives U= EP(fi)EP(v) (v. Art: 142). 

So that a solution of (2) is 

V=Ar-^EP(,jL)EP(p). 

But since (2) is Laplace's Equation, F= ^r'"F^(ft, <^), if expressed in 
Conical Coordinates, must satisfy it, consequently EP(fi)EP(v) must be simply 
a Spherical Harmonic of the mth degree. 
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[Art. 14:). 



Toroidal Coordinates. 

143. Any pair of circles belonging to the orthogonal system obtained and 
figured ill Art. 46 can be represented by the equations 



2ax _ .7^ + if + g^ ^ 
sinh a cosh a 



2«// X' -\- ?/ — a^ 

sin ^ cos /3 



> 



(1) 



if ^ve take 2a instead of 2 as the distance between the points common to the 
second set of circles. 

If we rotate the system about the axis of y we get a set of spheres and a 
set of anchor rings which cut orthogonally. These and a set of planes through 
the axis of revolution will form an orthogonal system of surfaces, and the 
parameters corresponding to them may be taken as a set of curvilinear 
coordinates and may be called Toroidal Coordinates. 

If we take the axis of the system as the axis of Z, the equations of a set of 
the surfaces may be written 



4a^fa^ + f) ^ [ar- + f + z' + g^] 
sinh^ a cosh^ a 



2 ^ 



2az a*- + y/ + x- 

sin /8 cos )8 

y = x tan y 



(V 



(2) 



a, j8, and y being regarded as the coordinates of a point of intersection of the 
three surfaces. 

Finding Laplace's Equation in the usual manner we get 



X 



a sinh a cos y 
cosh a q: cos/3 



a sinh a sin y 

cosh a :^ cos/3 



y = 



a sm y 



cosh a i^ cos)3 



r = ^31^ + if = 



a sinh a 



cosh a :^ cos/3 



, , a cosh a 

a-\-z ctn y = — > 

' cosh a q: cos /3 



eosh a n: cos /3 , cosh a zn cos B 

hi = ^- -f ho^= ^ > 

a • " a 

and Laplace's Equation becomes 

r g sinh a "1 , ^^ F « si 

" Lcosh a ii: cos fi " J ^Lcosh a 



ha = 



cosh a qp cos )3 . 
a sinh a 



g sinh a 



zf cos/8 



i>pf] 



"^Lsinh a(cosh a ip cos )3) ^ 



1=0, 



(1) 
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/>.(ri). V) + n,(rD, V) + ^^ rDl V=0. (2) 

We cannot proceed further by our usual method, for the assumption that V 
is a function* of a alone, or that F is a function of p alone, proves to be 
inadmissible. Indeed, not only are a, /?, and y not thermometric parameters 
(v. Art. 133), but no thermometric parameters exist, and no possible distribu- 
tion can make our anchor rings or our spheres a set of equipotential surfaces. 

We can, however, simplify (2). It can be written 



A'( V^') + Dl{ Vyjr) + ^4r- ^y ( ^V^) - ^(^aVr + Z)|V/-) = 0. 



sinh^ a 



(3) 



— \r f— 

J0^+ Dl>Jr proves equal to — ^ > hence if 6''= Fv^ (3) becomes 

sinh-' a{DlU+DlU) + D'iU+\U= 0, (4) 

for which particular solutions can readily be found by our usual process. 
(4) can be broken up into the three equations 

'^f + (m + kfN= (5) 



dy 



S^+ "''^= ^ ^^^ 



sinh^ a -y-^ — \in{iii + 1) + w- sinh^ a]L = 0. (7) 

^V= A cos(m + 4-)y + B sin(m + ^)y 
.1/= Ji cos n^ + J?i sin n^. 
If we introduce into (7) .r = ctnh a it becomes 

a solution of which is 

/. = Flix) = (1 - 4''^^^^^ . (^- ^>-t- 1<»2). 

It is to be noted that since ctnh a is greater than 1 

^. , 1 X " ^ rZ'^P.^ (ctnh a) 
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The constant (coefficient i^ can be rejected and we get 

U=^\_A cos(m + i)y + J5 sin(m + i)y](^i.cos np + B^ sin ri/3)csch« « ^f^^^^ 
as a particular solution of (4). " 

^^^,„(ctnna;-c8cn a ^^^^^j^^)« 

has been called a Toroidal Harmonic. 

EXAMPLE. 

Given the value of the potential function at all points on the surface of an 
anchor ring ; find its value at any point within the ring. 

Suggestion: If F=/()3, y) when a = ao, the function to be developed is 

and the development will be in a double Fourier's Series (v. Art. 71). 



CHAPTER IX. ♦ 

HISTORICAL SUMMARY. 

The method of development in series which has enabled us in the preceding 
chapters to solve problems in various branches of mathematical, physics, had 
its origin, as might have been expected, in the theory of the musical vibrations 
of a stretched string. It was in the year 1753^ that Daniel Bernoulli 
enunciated the principle of the coexistence of small oscillations, which, in 
connection with Taylor's and John Bernoulli's theory of the vibrating string, 
led him to believe that the general solution of this problem could be put in 
the form of a trigonometric series; This principle also led him and Euler to 
treat in a similar manner the problems of the vibration of a column of air and 
of an elastic rod. The problem of the vibration of a heavy string suspended 
from one end was also treated in the same manner by these mathematicians 
and deserves special mention here as in it Bessel's functions of the zeroth 
order appear for the first time.^ In none of these cases, however, was any 
method given for determining the coefficients of the series. 

This last remark also applies to the more complicated problems of the 
vibration of rectangular and circular membranes, which were discussed by 
Euler' in 1764, and in the last of which the general Bessel's functions of 
integral orders occur. 

It is in problems connected with astronomy that the first completely 
successful application of the method here considered occurs. Legendre in a 
paper published in the Memoires des Savants - !^trangers for 1785, first 
introduced the zonal harmonics P^ and applied them to the determination of 
the attraction of solids of revolution. He was followed by Laplace, who in 
one of the most remarkable memoirs ever written* determined the potential 
of a solid differing but little from a sphere by means of the development, 
according to the spherical harmonics Y^, 

1 See two articles by Bernoulli and one by Euler in the Memoirs of the Academy of 
Berlin for this year. 

2 See the Transactions of the Academy of St. Petersburg for 1732-33, 1734 and 1781. 
8 Transactions of the Academy of St. Petersburg. 

***Th6orie des attractions des sph^roi'des et de la figure des Plan^tes'* Memoires de 
Tacad^mie des sciences 1782. This article, although bearing an earlier date than that of 
Legendre, wajs really inspired by it. It is here that "Laplace's equation" first appears, 
occurring, however, only in polar coordinates. 

* See preface. 
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Very closely related to this problem is Gauss's celebrated treatment of the 
theory of terrestrial magnetism,^ which we will for that reason mention here, 
although it was not published until more than half a century later. This 
I>aper is particularly noteworthy as it contains a numerical application of the 
method on a larger scale than has ever been attempted before or ^ince. 

After the researches of Legendre and Laplace there was a pause of a 
quarter of a century until in 1812 Fourier's extensive memoir : Theorie du 
mouvement de la chaleur dans les corps solides was crowned by the French 
Academy. Although not printed until the years 1824-26,^ the manuscript of 
this work was in the meantime accessible to the other French mathematicians 
presently to be mentioned. The first part of this memoir, which was repro- 
duced with but few alterations in the Tkeorie analytique de la chaleur (1822), 
contains a treatment of the following problems and of practically all of their 
special cases : 

(a) The one dimensional flow of heat. {U) The two dimensional flow of 
heat in a rectangle, (c) The three dimensional flow of heat in a rectangular 
parallelopiped. {d) The flow of heat in a sphere when the temperature 
depends only on the distance from the centre, (e) The flow of heat in a 
right circular cylinder when the temperature depends only on the distance 
from the axis. In these problems not merely the simpler boundary conditions 
are considered but also the question of radiation into an atmosphere. In 
special cases of the first three problems just mentioned (when one or more 
dimensions become infinite) the series degenerate into "Fourier's integrals.*' 

More important even than any of these special problems is the great 
advance which Fourier caused the theory of trigonometric series to make, 
first by determining their coefficients" and then by asserting that any function, 
even though for different values of the argument it is expressed by different 
analytical formulae, can be developed in such a series. The fact that the real 
importance of trigonometric series was thus for the first time shown justifies 
us in associating Fourier's name with them, although, as we have seen, they 
were known long before his day. 

Fourier's results were extended by Laplace in 1820* to the general (unsym- 
metrical) case of the flow of heat in a sphere, and by Poisson* (1821) to the 
unsymmetrical flow of heat in a cylinder. . 

1 Resultate aus den Beobachtungen des magnetischen Vereins im Jahre 1838. Leipzig, 
1839. Reprinted in Gauss's collected works, Vol. V., p. 121. 

2 M^raoires de Tacad^mie des sciences for 1810-20 and 1821-22. 

8 Lagrange had practically determined these coefficients long before but failed to notice 
what he had got. 

* Connaissance des Temps pour Pan 1823. 

s Journal de T^ficole Poly technique, 19« Cahier. Although the final forms to which Poisson 
reduces his results are similar to Fourier's, his methods are very different. 
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In 1835 Green published a paper ^ in which the method we are considering 
is employed to determine the potential of a heterogeneous ellipsoid. This 
paper, in which the analysis is performed at once for space of n dimensions, 
anticipates much that was subsequently done by others, but has failed to 
exert an influence proportional to its importance. 

* At about this time Lame began a series of publications which have con- 
nected his name inseparably with the problem of the permanent state of 
temperature of an ellipsoid. In the first of these ^ the equation V'-^ F = is 
transformed to ellipsoidal coordinates and is then broken up into three 
ordinary differential equations. The rest of the solution, however, is hardly 
touched upon. Lame's most important work on this subject* was published 
in Liouville's Journal in 1839, and in it the complete solution of the problem 
is given. Lame clearly shows in this paper how he arrived at his solution, by 
considering first the simpler case of a sphere where, instead of the polar 
coordinates $ and <^, the parameters of , two families of confocal cones of the 
second degree are used as coordinates. This system of curvilinear coordinates, 
which, when applied to the complete sphere, merely gives the old results of 
Laplace in a new form, is barely mentioned in Lamp's later publications. In 
the same volume of Li6uville's Journal Lame published a second paper in 
which he applies his results to the special cases of ellipsoids of revolution. 

These two papers form the starting-point for a series of articles on the 
same subject by Heine and Liouville. Heine in his doctor dissertation* (1842) 
determined the potential not merely for the interior of an ellipsoid of 
revolution when the value of the potential is given on the surface, but also 
for the exterior of such an ellipsoid and for the shell between two confocal 
ellipsoids of revolution. Even in the first of these problems, which is- 
equivalent to that of Lam^, he simplified Lamp's solution materially by 
showing that the functions used may be reduced to spherical harmonics, 
while in the other two problems he introduced spherical harmonics of the 
second kind, which were then new. Shortly afterwards* Heine and Liouville 

1 *' On the determination of the exterior and interior attraction of ellipsoids of variable 
densities.*' Transactions of the Cambridge Philosophical Society. 

2 M^moires des Savants Strangers, Vol. V. Although the volume is dated 1838 this paper 
(which was reprinted in Liouville' s Journal, 1837) must have appeared at least as early as 1835. 

3 **Sur I'^quilibre des Temperatures dans un ellipsoide k trois axes in^gaux." An article 
by the same author on the two dimensional potential will be found in Vol. I. of this Journal. 

4 Reprinted in Crelle's Journal, Vol. 2(5 (1843). 

In the same Journal for 1847 F. Neumann discussed the related problem of the magnet- 
isation of a soft iron ellipsoid of revolution. 

^ Heine: Crelle's Journal, Vol. 29, 1845. Liouville: Liouville's Journal, Vol. X., 
1845, and Vol. XI., 1846. For a treatment of the problem of the potential of an ellipsoidal 

shell by means of a development of in terms of Lamp's functions, see a paper by Heine 

in Crelle's Jounial, Vol. 42, 1851. 
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published simultaneously two papers in wKich they arrived independently of 
each other at about the same results. In each of these papers attention is 
called to the fact that the product of the two Lamp's functions is a spherical 
harmonic, and this fact is made use of to throw Lame's solution of the 
problem of the permanent state of temperatures of an ellipsoid into a more 
elementary form. Besides this the second solution of Lame's equation is 
introduced for the sake of solving the potential problem for the exterior of 
the ellipsoid. 

In thus following up the theory of heat and the related potential problems, 
we have lost sight . of the question of small vibrations, to which during the 
early part of the century a great deal of attention had been devoted by 
Poisson, who frequently made use of the method of development in series. 
In his memoirs^ most of the problems left unfinished by Bernoulli and Euler 
are thoroughly treated, as well as various slight modifications of them. 
When, however, he attacked the problem of the vibration of an elastic plate 
he was unable to make much progress, owing in part to the erroneous form of 
his boundary conditions. He was, nevertheless, able to solve the problem of 
the symmetrical vibration of a free circular plate. The complete theory of the 
vibration of a free circular plate was first given by Ki'rchhofF.^ 

Passing now to a new subject, the theory of the equilibrium of an elastic 
spherical shell, we find a solution by Lame in Liouville's Journal for 1854, 
and by Sir William Thomson (1862) in the Philosophical Transactions for 
1863. Both of these papers consist of an application of the spherical harmonic 
analysis to this rather complicated problem. Thomson, however, considers 
besides Lame's problem certain related questions and the form of his analysis 
is very different from Lame's, being of the same nature as that used in the 
Appendix B of his Natural Philosophy of which we shall have to speak 
presently. These investigations form the starting point for a number of 
recent memoirs among which those of G. H. Darwin on cosmographical 
questions deserve special mention. / 

Closely related to this last mentioned problem is the theory of the small 
vibrations of an elastic sphere. While the simplest case of this problem was- 
treated by Poisson in the memoir referred to above, the general solution has 
been only recently obtained by Jaerisch (1879)^ and Lamb (1882).* The 
functions involved are the same as those which occur in the problem of the 
non-stationary flow of heat in a sphere as solved by Laplace. 

The Appendix B of Thomson and Tait's Natural Philosophy,* to which we 
have already referred, deserves to be regarded as one of the most important 

1 See especially the one in the M^moires de Tacadtoie des sciences, Vol. VIII., 1829. 

2 Crelle's Journal, Vol. 40, 1850. 3 Crelle's Journal, Vol. 88. 

* Proc. Lond. Math. Soc. ^ First edition, 1867. This appendix 

was evidently written as early as 1862, as Thomson refers to it in the memoir quoted above. 
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contributions to the general theory. The way in which spherical harmonics 
are introduced (as homogeneous functions of the rectangular coordinates) was 
then new,* ^nd the solution of the potential problem for a variety of new 
solids was indicated ; viz., for solids whose boundaries consist of concentric 
spheres, cones of revolution, and planes. We shall have more to say presently 
concerning the method employed for the solution of these problems. 

Although connected only indirectly with the theory we are discussing, it 
will be well to mention at this point the method of electrical images which is 
also due to Sir William Thomson (1845). This method enables us to solve 
many potential problems for the inverse of any solid when once we have 
solved it for the solid itself. By means of this method most of the solutions 
of potential problems obtained by our method may be applied at once with 
very little modification to systems of curvilinear coordinates derived by 
inversion from those we have used. It will not be necessary to mention 
separately problems of this sort, as it is clearly immaterial whether they be 
solved directly or by means of the method. of inversion.^ 

Eeturning now to the Continent, we find as the next important question 
taken up the problem of the potential of an anchor ring. The first publication 
on this subject is a monograph by C. Neumann^ (1864), but in Riemann's 
posthumous papers which were not published until 1876, ten years after his 
death, will be foiuid a short fragment on this subject, which ((tf. the last page 
of Hattendorfs edition of Riemann's lectures : " Partielle Differentialglei- 
chungen ") would appear to date back to the winter 1860-61. fhis fragment 
is of peculiar interest, as the opening paragraphs clearly show that Riemann 
had in mind an extended article on the fundamental principles of our subject. 

We will next mention two papers by Mehler in which the functions known 
as " conal harmonics," which had already been introduced by Thomson in the 
Appendix B above mentioned, were applied to the solution of two problems in 
electrostatics. The first of these papers * (1868) deals with the solid bounded 
by two intersecting spheres, while in the second* (1870) the infinite cone of 
revolution is treated. Both of these problems are essentially different from 
those discussed in the << Appendix B," inasmuch as the infinite series which 
we usually have degenerate in these cases into definite integrals, just as they 
do in some simpler cases treated by Fourier. The later of the two papers 
just quoted also contains valuable information concerning the nature of the 

1 The same method was used at about the same time by Clebsch. 

2 A case in point would be the potential problem for the shell between two non-intersecting 
eccentric spheres, since these spheres can be inverted into concentric spheres. This problem 
was treated directly by C. Neumann in a monograph published in Halle in 1862. 

3 *' Theorie der Elektricitats- und Warme-Vertheilung in einem Ringe." Halle. 
* Crelle's Journal, Vol. 08, 1808. 

^ Jahresbericht des Gymnasiums zu Elbing. 
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solution of similar problems for the hyperboloids and paraboloids of revolu- 
tion. The solutions of these problems are not, however, given. 

It remains, in order to close the history of this part of the subject, to mention 
a number of memoirs which although treating entirely new problems are of far 
less importance than most of those considered up to this point, partly because 
the solution is not brought to a point where it can be of much immediate use, 
and partly because most of the methods employed are such as could not fail 
to present themselves to any one attacking these problems. 

Of these the first is a paper by Mathieu* on the vibration of an elliptic 
membrane (1868), in which the functions of the elliptic cylinder occur for the 

first time. 

This was followed in the same year by a paper on closely allied subjects by 
H. Weber,^ in which not merely the case of the complete ellipse is briefly 
considered, but also that in which the boundary consists of two arcs of 
confocal ellipses and two arcs of hyperbolas confocal with them. The special 
case in which the ellipses and hyperbolas become confocal parabolas is also 
considered, whereby the functions of the parabolic cylinder are for the first 
time introduced. 

In Mathieu's "Cours de physique mathematique " (1873) the problem of 
the non-stationary flow of heat in an ellipsoid is touched upon, and an 
elaborate though not very satisfactory treatment of the special cases where 
we have ellipsoids of revolution is given. New functions appear in all of 
these problems. 

Of late years C. Baer has supplied a number of missing links in the chain 
of problems here considered by treating in succession the potential problem 
for the paraboloid of revolution,^ the parabolic cylinder* and the general 
paraboloid.^ In the first of these problems Bessel's functions occur, as had 
already been stated by Mehler, while in the last we find the functions of the 
elliptic cylinder. For each of the three systems of coordinates employed the 
same author also touches upon the more general problem of the non-stationary 
flow of heat, in which new functions occur. 

Except in the case of the anchor ring we have found so far only such solids 
treated by our method as are bounded by surfaces of the first or second 

1 Liouville's Journal, Vol. XIII. 

Shi Shi 
'^ "Ueber die Integration der partiellen Differentialgleichung — + r-j + ^^ = 0." 

Math. Ann., Vol. I. No physical problem is mentioned in this paper. 

8"Ueber das Gleichgewicht und die Bewegung der Warme in einem Rotationspara- 
boloid.'' Dissertation, Halle, 1881. . 

* *'Die Funktion des parabolischen Cylinders," Gymnasialprogramm Ctistrin, 188:]. 

5 ''Parabolische Coordinaten," Frankfurt, 1888. See also a paper by Greenhill in the 
Proc. Lond. Math. Soc, Vol. XIX., 1889 (read Dec. 8, 1887). Also a posthumous paper by 
Lam^ in Liouville's Journal for 1874, Vol. XIX. 
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degree. Wangerin^ (1875-76) considered in connection with the theory of 
the potential, more general systems of curvilinear coordinates than had 
pr3viously been used in physical questions, namely, cyclidic coordinates.^ He 
showed, however, merely how to break up Laplace's equation into three 
ordinary differential equations.* 

An important branch of our theory which we have not yet touched upon 
dates back to the year 1836, when Sturm published a series of fundamentally 
important papers in the first two volumes of Liouville's Journal. The 
physical question which lies at the basis of these papers is the problem of the 
flow of heat in a heterogeneous bar.* The method here employed depends 
upon the fact that the functions which occur are characterized by the number 
of times they vanish in a certain interval. This same idea reappears in 
Thomson and Tait's Appendix B already referred to, but first finds its full 
expression in this more general field of the three dimensional potential in an 
article by Klein : " Ueber Korper welche von confocalen Flachen zweiten 
Grades begrenzt sind " ' (1881). Still more recently (1889-90) Klein has in 
his lectures extended this theory to the treatment of solids bounded by six 
confocal eyelids, and has indicated how all the potential problems heretofore 
treated by our method are special cases of this one.® 

Of late years, especially since the year 1880, the younger English mathe- 
maticians have done a vast amount of work in the theory . we are here 
considering. Although much of this work is of great value, hardly any of it 
can be regarded as being a real development of the method ; it is rather an 
application of it to a great variety of problems. We must therefore content 
ourselves with giving a mere list of a few of the more important of these 
papers. 

Niven: On the Conduction of Heat in Ellipsoids of Eevolution. Phil. 
Trans., 1880. 

Niven: On the Induction of Electric Currents in Infinite Plates and 
Spherical Shells. Phil. Trans., 1881. 

1 Preisschriften der Jablanowski'schen Gesellschaft, No. XVIII., and Crelle's Journal, 
Vol. 82. See also, concerning a still further extension, the Berliner Monatsberichten 
for 1878. 

2 Cyclids are a kind of surface of the fourth order (see Salmon's Geom. of three Dimen- 
sions, p. 627). In his first memoir Wangerin considers only cyclids of revolution. 

8 See also a paper by this author in Griinert's Archiv for 1873, where the problem of the 
equilibrium of elastic solids of revolution is treated. 

* The similar problem of the vibration of a heterogeneous string under the action of an 
external force was treated by Maggi (Giomale di Matematiche, 1880). Seveml special cases 
are also considered here in detail. 

5 Math. Ann., 18. 

6 For an exposition of this theory see the memoir ; Ueber die Reihenentwickelungen der 
Potentialtheorie, Gottinger Preisschrift, 1891, by the writer of the present chapter. 
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Hicks : On Toroidal Functions. Phil. Trans., 1881. 

Hicks : On the Steady Motion and Small Vibrations of a Hollow Vortex. 
Phil. Trans., 1884, 1885. . 

Lamb: On Ellipsoidal Current Sheets. Phil. Trans., 1887. 

Chree: The Equations of an Isotropic Elastic Solid in Polar and Cylin- 
drical Coordinates, their Solution and Application. Camb. Phil. Soc. Trans., 
XIV., 1889. 

Hohson: On a Class of Spherical Harmonics of Complex Degree with 
Applications to Physical Problems. Camb. Phil. Soc. Trans., XIV., 1889. 

Chree: On some Compound Vibrating Systems. Camb. Phil. Soc. Trans., 
XV., 1891. 

Niven: On Ellipsoidal Harmonics. Phil. Trans., 1892. 

The historical sketch we have just given would naturally require as a 
supplement some account of the work that has been done on the question of 
the convergence of the various series which occur. This, however, would 
carry us too far, and we will content ourselves with mentioning the two 
fundamental memoirs by Dirichlet in Crelle's Journal, one in 1829 on 
Fourier's series, and one, which has been criticised to some extent by subse- 
quent mathematicians, in 1837 on Laplace's spherical harmonic development. 

Another subject which naturally presents itself here is the theory of the 
various new functions we have met. Those properties of these functions, 
however, which the physicist needs have usually been investigated by the 
physicists themselves in the papers mentioned above ; while any thorough 
account of the development of the theory of these functions would lead us 
into the vast region of the modern theory of linear differential equations. 

We will therefore close by merely giving a list of books which will be 
found useful by those wishing to continue their study of the subject further. 

We begin with the books relating directly to physical questions i 

Fourier: Theorie Analytique de la Chaleur, 1822. 

Lame : Leqons sur les Fonctions inverses des Transcendantes et les Surfaces 
isothermes, 1857. 

Lame: Leqons sur les Coordonnees Curvilignes et leurs di verses Applica- 
tions, 1859. 

Mathieu : Cours de Physique Mathematique, 1873. 

Riemann: Partielle Differentialgleichungen, und deren Anwendung auf 
physikalische Fragen (edited by Hattendorf), third edition, 1882. 

F. Neumann: Theorie des Potentials und der Kugelfunktionen (edited by 
C. Neumann), 1887. 

Thomson and Tait : Natural Philosophy, second edition, 1879. 

Rayleigh : Theory of Sound, 1877. 

Basset: Hydrodynamics, 1888. 

Love : Theory of Elasticity, 1892. , 
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Heine : Handbuch der Kugelfunktionen (second edition), 1878-81. 

Ferrers: Spherical Harmonics, 1881. 

Haenbzschel : Eeduction der Potentialgleichung auf gewohnliche Diif erential- 
gleichungen, 1893. 

These last three books would also belong in the following list of books 
relating to the theory of the various functions we use : 

Todhunter : The Functions of Laplace, Lame and Bessel, 1875. 

'Lommel : Studien liber die Bessel'schen Funktionen, 1868. 

F. Neumann : Beitrage zur Theorie der Kugelfunktionen, 1878. 

And finally concerning the question of convergence : 

(7. Neumann: Tiber die nach Kreis-, Kugel- und Cylinder-Functionen 
fortschreitenden Entwickelungen, 1881. 
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Table I., a table of Surface Zonal Harmonics (Legendrians), gives the values 
of the first seven Harmonics Pi (cos 6), P^ (cos 6), -"Pi (cos 6) for the argument 
B in degrees. It is taken from the Philosophical Magazine for December, 
1891, and was computed by Messrs. C. E. Holland, P. R. James, and C. G. 
Lamb, under the direction of Professor John Perry. 

Table II., a table of Surface Zonal Harmonics (Legendrians), gives the 
values of the first seven Harmonics Pi (x), P^ (x), • • • P? (x) for the argument x. 
It is reduced from the Tables of Legendrian Functions computed under the 
direction of Dr. J. W. L. Glaisher, and published in the Report of the British 
Association for the Advancement of Science for the year 1879. 

Table III., the table of Hyperbolic Functions, gives the values of e-^, e~^^ 
sinhx, cosh a:, and gda: (Gudermannian of a;) for values of x from 0.00 to 1.00; 
and the values of logsinha; and log cosh cc for values of x from 1.00 to 10.0. 
The values of gd a*, log sinli x^ and log cosh x are taken from the Mathematical 
Tables prepared by Professor J. M. Peirce (Boston: Ginn & Co.). 

The logsinhaj and log cosh a for values of x between 0.00 and 1.00 can be 
obtained from the values given for the Gudermannian of x in the table by the 
aid of the relations 

log sinh X = log tan (gd x) 

log cosh X = log sec (gd x). 

Table IV. gives the first twelve roots of J^ (x) = and Ji (x) = each 
divided by tt. The table is taken from Lord Rayleigh's Sound, Vol. I., 
page 274, and is due to Professor Stokes, Camb. Phil. Trans., Vol. IX., 
page 186. 

Table V. gives the first nine roots of Jq (x) = 0, Ji (x)^=0, •• • J5 (x) = 0. 
The table is taken from Rayleigh's Sound, Vol. I., page 274, and is due to 
Professor J. Bourget, Ann. de FEcole Norraale, T. III., 1866, page 82. 

Table VI., -the table of BessePs Functions, gives the values of the Bessel's 
Functions Jq (x) and Jj (x) for the argument x from a; = to a; = 15. It is 
taken from Rayleigh's Sound, Vol. I., page 26§, and from Lommel's Bessel'sche 
Functionen. 
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TABLE I. — Surface Zonal Harmonics. 



e 


Pi (cos ^) 


P2 (cos e) 


P8(cos^) 


P4(C0S^) 


P6(cos^) 


P6(C0S^) 


P7(C0S^) 


QP 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1 


.9998 


.9995 


.9991 


.9985 


.9977 


.9967 


.9955 


2 


.9994 


.9982 


.9963 


.9939 


.9909 


.9872 


.9829 


3 


.9986 


.9959 


.9918 


.9863 


.9795 


.9713 


.9617 


4 


.9976 


.9927 


.9854 


.9758 


.9638 


.9495 


.9329 


5 


.9%2 


.9886 


.9773 


.9623 


.9437 


.9216 


.8961 


6 


.9945 


.9836 


.9674 


.9459 


.9194 


.8881 


.8522 


7 


.9925 


.9777 


.9557 


.9267 


.8911 


.8476 


.7986 


8 


.9903 


.9709 


.9423 


.9048 


.8589 


.8053 


.7448 


9 


.9877 


.9633 


.9273 


.8803 


.8232 


.7571 


.6831 


10 


.9848 


.9548 


.9106 


.8532 


.7840 


.7045 


.6164 


11 


.9816 


.9454 


.8923 


.8238 


.7417 


.6483 


.5461 


12 


.9781 


.9352 


.8724 


.7920 


.6966 


.5892 


.4732 


13 


.9744 


. .9241 


.8511 


.7582 


.6489 


.5273 


.3940 


14 


.9703 


.9122 


.8283 


.7224 


.5990 


.4635 


.3219 


15 


.%59 


.8995 


.8042 


.6847 


.5471 


.3982 


.2454 


16 


.9613 


.8860 


.7787 


.6454 


.4937 


.3322 


.1699 


17 


.9563 


.8718 


.7519 


.6046 


.4391 


.2660 


.0961 


18 


.9511 


.8568 


.7240 


.5624 


.3836 


.2002 


.0289 


19 


.9455 


.8410 


.6950 


.5192 


.3276 


.1347 


.0443 


20 


.9397 


.8245 


.6649 


.4750 


.2715 


.0719 


—.1072 


21 


.9336 


.8074 


.6338 


.4300 


.2156 


.0107 


. 1662 


22 


.9272 


.7895 


.6019 


.3845 


.1602 


—.0481 


.2201 


23 


.9205 


.7710 


.5692 


.3386 


.1057 


.1038 


.2681 


24 


.9135 


.7518 


.5357 


.2926 


.0525 


—.1559 


.3095 


25 


.9063 


.7321 


.5016 


.2465 


.0009 


.2053 


.3463 


26 


.8988 


.7117 


.4670 


.2007 


.0489 


.2478 


.3717 


27 


.8910 


.6908 


.4319 


.1553 


.0964 


.2869 


.3921 


28 


.8829 


.6694 


.3964 


.1105 


.1415 


.3211 


.4052 


29 


.8746 


.6474 


.3607 


.0665 


.1839 


.3503 


.4114 


30 


.8660 


.6250 


.3248 


.0234 


.2233 


.3740 


—.4101 


31 


.8572 


.6021 


.2887 


.0185 


.2595 


—.3924 


—.4022 


32 


.8480 


.5788 


.2527 


^.0591 


.2923 


.4052 


.3876 


33 


.8387 


.5551 


.2167 


.0982 


.3216 


.4126 


.3670 


34 


.8290 


.5310 


.1809 


.1357 


—.3473 


.4148 


.3409 


35 


.8192 


.5065 


.1454 


.1714 


.3691 


.4115 


.3096 


36 


.8090 


.4818 


.1102 


.2052 


.3871 


—.4031 


.2738 


37 


.7986 


.4567 


.0755 


.2370 


.4011 


.3898 


.2343 


38 


.7880 


.4314 


.0413 


—.2666 


.4112 


.3719 


.1918 


39 


.7771 


.4059 


.0077 


.2940 


.4174 


.3497 


—.1469 


40 


.7660 


.3802 


.0252 


.3190 


.4197 


.3234 


.1003 


41 


.7547 


.3544 


—.0574 


.3416 


.4181 


.2938 


.0534 


42 


.7431 


.3284 


.0887 


.3616 


.4128 


.2611 


—.0065 


43 


.7314 


.3023 


—.1191 


.3791 


.4038 


—.22^ 


.0398 


44 


.7193 


.2762 


.1485 


.3940 


—.3914 


.1878 


.0846 


45° 


,.7071 


.2500 


.1768 


.4062 


.3757 


.1485 


.1270 
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TABLE I. — Surface Zonal Harmonics. 






Pi (cos ^) 


P2(cos^) 


Ps (cos 6) 


Pa (cos e) 


P6(C0S^) 


P6(C0S^) 


P7(C0S^) 


45° 


.7071 


.2500 


—.1768 


—.4062 


.3757 


.1485 


.1270 


46 


.6947 


.2238 


.2040 


.4158 


.3568 


.1079 


.1666 


47 


.6820 


.1977 


—.2300 


—.4252 


.3350 


.0645 


.2054 


48 


.6691 


.1716 


—.2547 


.4270 


.3105 


.0251 


.2349 


49 


.6561 


.1456 


.2781 


.4286 


—.2836 


.0161 


.2627 


50 


.6428 


.1198 


.3002 


.4275 


.2545 


.0563 


.2854 


51 


.6293 


.0941 


.3209 


—.4239 


.2235 


.0954 


.3031 


52 


.6157 


.0686 


.3401 


.4178 


.1910 


.1326 


.3153 


53 


.6018 


.0433 


.3578 


—.4093 


.1571 


.1677 


.3221 


54 


.5878 


.0182 


.3740 


-.3984 


.1223 


.2002 


.3234 


55 


.5736 


.0065 


.3886 


.3852 


.0868 


.2297 


.3191 


56 


.5592 


.0310 


.4016 


.3698 


.0510 


.2559 


.3095 


57 


.5446 


.0551 


.4131 


.3524 


.t)150 


.2787 


.2949 


58 


.5299 


.0788 


.4229 


.3331 


.0206 


.2976 


.2752 


59 


.5150 


—.1021 


.4310 


.3119 


.0557 


.3125 


.2511 


60 


.5000 


—.1250 


.4375 


.2891 


.0898 


.3232 


.2231 


61 


.4848 


.1474 


—.4423 


—.2647 


.1229 


.3298 


.1916 


. 62 


.4695 


.1694 


.4455 


—.2390 


.1545 


.3321 


.1571 


63 


.4540 ' 


— . 1908 


.4471 


.2121 


.1844 


.3302 


.1203 


64 


.4384 


.2117 


.4470 


.1841 


.2123 


.3240 


.0818 


65 


.4226 


.2321 


.4452 


.1552 


.2381 


.3138 


.0422 


66 


.4067 


.2518 


.4419 


.1256 


.2615 


.2996 


.0021 


67 


.3907 


.2710 


.4370 


—.0955 


.2824 


.2819 


—.0375 


68 


.3746 


.2896 


.4305 


.0650 


.3005 


.2605 


.0763 


69 


.3584 


.3074 


.4225 


.0344 


.3158 


.2361 


.1135 


70 


.3420 


—.3245 


.4130 


.0038 


.3281 


.2089 


.1485 


71 


.3256 


.3410 


—.4021 


.0267 


.3373 


.1786 


.1811 


72 


.3090 


.3568 


—.3898 


.0568 


.3434 


.1472 


.2099 


73 


.2924 


.3718 


.3761 


.0864 


.3463 


.1144 


.2347 


74 


.2756 


.3860 


.3611 


.1153 


.3461 


.0795 


-.2559 


75 


.2588 


—.3995 


.3449 


.1434 


.3427 


.0431 


.2730 


76 


.2419 


—.4112 


.3275 


.1705 


.3362 


.0076 


.2848 


77 


.2250 


.4241 


.3090 


.1964 


.3267 


.0284 


.2919 


78 


.2079 


.4352 


.2894 


.2211 


.3143 


- .0644 


.2943 


79 


.1908 


.4454 


—.2688 


. .2443 


.2990 


.0989 


.2913 


80 


.1736 


.4548 


.2474 


.2659 


.2810 


—.1321 


.2835 


81 


.1564 


.4633 


—.2251 


.2859 


.2606 


.1635 


.2709 


82 


.1392 


.4709 


—.2020 


.3040 


.2378 


.1926 


2536 


83 


.1219 


—.4777 


.1783 


.3203 


.2129 


.2193 


.2321 


84 


.1045 


.4836 


-.1539 


.3345 


.1861 


.2431 


.2067 


85 


.0872 


.4886 


.1291 


.3468 


.1577 


.2638 


.1779 


86 


.0698 


.4927 


--.1038 


.3569 


.1278 


.2811 


.H60 


87 


.0523 


.4959 


.0781 


.3648 


.0%9 


.2947 


.1117 


88 


.0349 


.4982 


.0522 


.3704 


.0651 


.3045 


.0735 


89 


.0175 


—.4995 


.0262 


.3739 


.0327 


.3105 


.0381 


90° 


.0000 


.5000 


.0000 


.3750 


.0000 


.3125 


.0000 
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TABLE 11. — Surface Zonal Harmonics. 



X 


PiW 


P2(a:) 


P8(x.) 


^4(X) 


1 


Pc(a:) 


P7(X) 


0.00 


0.0000 


.5000 


0.0000 


0.3750 


0.0000 


.3125 


0.0000 


.01 


.0100 


—.4998 


.0150 


.3746 


.0187 


.3118 


.0219 


.02 


.0200 


.4994 


.0300 


.3735 


.0374 ' 


.3099 


.0436 


.03 


.0300 


.4986 


—.0449 


.3716 


.0560 i 


.3066 


.0651 


.04 


.0400 


.4976 


.0598 


.3690 


.0744 


.3021 


.0862 


.05 


.0500 


.4962 


.0747 


.3657 


.0927 


.2962 


.1069 


.06 


.0600 


—.4946 


.0895 


.3616 


.1106 


.2891 


.1270 


.07 


.0700 


—.4926 


.1041 


.3567 


.1283 


.2808 


.1464 


.08 


.0800 


.4904 


.1187 


.3512 


.1455 


.2713 


.1651 


.09 


.0900 


—.4878 


.1332 


.3449 


.1624 


.2606 


.1828 


.10 


.1000 


.4850 


.1475 


.3379 


.1788 


.2488 


.1995 


.11 


.1100 


.4818 


.1617 


.3303 


.1947 


.2360 


.2151 


.12 


.1200 


.4784 


.1757 


.3219 


.2101 


.2220 


.2295 


.13 


.1300 


.4746 


.1895 


.3129 


.2248 


.2071 


.2427 


.14 


.1400 


.4706 


.2031 


.3032 


.2389 


.1913 


.2545 


.15 


.1500 


.4662 


—.2166 


.2928 


.2523 


.1746 


—.2649 


.16 


.1600 


.4616 


.2298 


.2819 


.2650 


.1572 


.2738 


.17 


.1700 


.4566 


—.2427 


.2703 


.2769 


.1389 


—.2812 


.18 


.1800 


.4514 


—.2554 


.2581 


.2880 


.1201 


.2870 


.19 


.1900 

• 


.4458 


.2679 


.2453 


.2982 


.1006 


.2911 


.20 


.2000 


.4400 


.2800 


.2320 


.3075 


.0806 


.2935 


.21 


.2100 


.4338 


.2918 


.2181 


.3159 


.0601 


—.2943 


.22 


.2200 


.4274 


.3034 


.2037 


.3234 


—.0394 


.2933 


.23 


.2300 


—.4206 


.3146 


.1889 


.3299 


.0183 


.2906 


.24 


.2400 


.4136 


.3254 


.1735 


.3353 


.0029- 


.2861 


.25 


.2500 


.4062 


.3359 


.1577 


.3397 


.0243 


.2799 


.26 


.2600 


.3986 


.3461 


.1415 


.3431 


.0456 


.2720 


.27 


.2700 


.3906 


—.3558 


.1249 


.3453 


.0669 


.2625 


.28 


.2800 


—.3824 


—.3651 


.1079 


.3465 


.0879 


—.2512 


.29 


.2900 


.3738 


.3740 


.0906 


.3465 


.1087 


-.2384 


.30 


.3000 


.3650 


.3825 


.0729 


.3454 


.1292 


.2241 


.31 


.3100 


.3558 


.3905 


.0550 


.3431 


.1492 


.2082 


.32 


.3200 


.3464 


.3981 


.0369 


. .3397 


.1686 


.1910 


.33 


.3300 


-.3366 


.4052 


.0185 


.3351 


.1873 


.1724 


.34 


.3400 


.3266 


.4117 


.0000 


.3294 


.2053 


.1527 


.35 


.3500 


.3162 


.4178 


.0187 


.3225 


.2225 


.1318 


.36 


.3600 


.3056 


.4234 


.0375 


.3144 


.2388 


.1098 


.37 


.3700 


.2946 


—.4284 


.0564 


.3051 


.2540 


—.0870 


.38 


.3800 


.2834 


.4328 


.0753 


.2948 


.2681 


.0635 


.39 


.3900 


.2718 


—.4367 


.0942 


.2833 


.2810 


.0393 


.40 


.4000 


.2600 


.4400 


.1130 


.2706 


.2926 


.0146 


.41 


.4100 


—.2478 


.4427 


- .1317 


.2569 


.3029 


.0104 


.42 


.4200 


.2354 


.4448 


.1504 


.2421 


.3118 


.0356 


.43 


.4300 


.2226 


.4462 


.1688 


.2263 


.3191 


.0608 


.44 


.4400 


.2096 


.4470 


.1870 


.2095 


.3249 


.0859 


.45 


.4500 


.1962 


.4472 


.2050 


.1917 


.3290 


.1106 


.46 


.4600 


.1826 


.4467 


.2226 


.1730 


.3314 


.1348 


.47 


.4700 


.1686 


.4454 


—.2399 


.1534 


.3321 


.1584 


.48 


.4800 


.1544 


.4435 


.2568 


.1330 


.3310 


.1811 


.49 


.4900 


.1398 


.4409 


.2732 


.1118 


.3280 


.2027 


.50 


.5000 


.1250 


.4375 


.2891 


.0898 

1 


.3232 


.2231 



APPENDIX. 



281 



TABLE II. — Surface Zonal Hakmoxics. 



X 


P,{x) 


P^ix) 


P,(x) 


P,(x) 


P^(x) 


P^ix) 


Piix) 


.50 


.5000 


.1250 


.4375 


—.2891 


.0898 


.3232 


.2231 


.51 


.5100 


.1098 


—.4334 


—.3044 


.0673 


.3166 


.2422 


.52 


.5200 


.0944 


—.4285 


—.3191 


.0441 


.3080 


.2596 


.53 


.5300 


.0786 


.4228 


.3332 


.0204 


.2975 


.2753 


.54 


.5400 


.0626 


.4163 


.3465 


—.0037 


.2851 


.2891 


.55 


.5500 


.0462 


—.4091 


—.3590 


.0282 


.2708 


.3007 


.56 


.5600 


.0296 


—.4010 


—.3707 


—.0529 


.2546 


.3102 


.57 


.5700 


.0126 


.3920 


.3815 


—.0779 


.2366 


.3172 


.58 


.5800 


.0046 


—.3822 


—.3914 


.1028 


.2168 


.3217 


.59 


.5900 


.0222 


.3716 


.4002 


.1278 


.1953 


.3235 


.60 


.6000 


.0400 


—.3600 


—.4080 


.1526 


.1721 


.3226 


.61 


.6100 


.0582 


.3475 


.4146 


.1772 


.1473 


.3188 


.62 


.6200 


.0766 


.3342 


—.4200 


.2014 


.1211 


.3121 


.63 


.6300 


.0954 


.3199 


—.4242 


.2251 


.0935 


.3023 


.64 


.6400 


.1144 


.3046 


—.4270 


.2482 


.0646 


.2895 


.65 


.6500 


.1338 


.2884 


—.4284 


—.2705 


.0347 


.2737 


.66 


.6600 


.1534 


.2713 


—.4284 


.2919 


.0038 


.2548 


.67 


.6700 


.1734 


.2531 


—.4268 


.3122 


.0278 


.2329 


.68 


.6800 


.1936 


—.2339 


—.4236 


.3313 


—.0601 


.2081 


.69 


.6900 


.2142 


—.2137 


.4187 


.3490 


.0926 


.1805 


.70 


.7000 


.2350 


—.1925 


—.4121 


.3652 


.1253 


.1502 


.71 


.7100 


.2562 


— . 1 702 


.4036 


—.3796 


.1578 


.1173 


.72 


.7200 


.2776 


.1469 


.3933 


.3922 


—.1899 


.0822 


.73 


.7300 


.2994 


—.1225 


.3810 


.4026 


.2214 


.0450 ! 


.74 


.7400 


.3214 


—.0969 


—.3666 


—.4107 


.2518 


.0061 


.75 


.7500 


.3438 


—.0703 


.3501 


.4164 


.2808 


—.0342 


.76 


.7600 


.3664 


—.0426 


.3314 


.4193 


.3081 


—.0754 


.77 


.7700 


.3894 


.0137 


.3104 


.4193 


.3333 


.1171 


.78 


.7800 


.4126 


.0164 


—.2871 


—.4162 


—.3559 


.1588 


.79 


.7900 


.4362 


.0476 


—.2613 


—.4097 


.3756 


.1999 i 


.80 


.8000 


.4600 


.0800 


.2330 


.3995 


.3918 


.2397 


.81 


.8100 


.4842 


.1136 


.2021 


—.3855 


.4041 


.2774 


.82 


.8200 


.5086 


.1484 


.1685 


—.3674 


.4119 


.3124 


.83 


.8300 


.5334 


.1845 


.1321 


—.3449 


—.4147 


.3437 


.84 


.8400 


.5584 


.2218 


.0928 


.3177 


—.4120 


.3703 


.85 


.8500 


.5838 


.2603 


.0506 . 


.2857 


.4030 


.3913 


.86 


.8600 


.6094 


.3001 


.0053 


—.2484 


.3872 


.4055 


.87 


.8700 


.6354 


.3413 


.0431 


—.2056 


.3638 


.4116 


.88 


.8800 


.6616 


.3837 


.0947 


.1570 


.3322 


.4083 


.89 


.8900 


.6882 


.4274 


.1496 


.1023 


.2916 


.3942 


.90 


.9000 


.7150 


.4725 


.2079 


.0411 


.2412 


.3678 


.91 


.9100 


.7422 


.5189 


.2698 


.0268 


.1802 


.3274 


.92 


.9200 


.76% 


.5667 


.3352 


.1017 


.1077 


.2713 


.93 


.9300 


.7974 


.6159 


.4044 


.1842 


.0229 


.1975 


.94 


.9400 


.8254 


.6665 


.4773 


.2744 


.0751 


.1040 


.95 


.9500 


.8538 


.7184 


.5541 


.3727 


.1875 


.0112 


•96 


.9600 


.8824 


.7718 


.6349 


.47% 


.3151 


.1506 


.97 


.9700 


.9114 


.8267 


.7198 


.5954 


.4590 


.3165 


.98 


.9800 


.9406 


.8830 


.8089 


.7204 


.6204 


.5115 


.99 


.9900 


.9702 


.9407 


.9022 


.8552 


.8003 


.7384 


1.00 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 


1.0000 
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TABLE III. — Hyperbolic Functions. 



X 


e* 


e-x 


sinli X 


coshx 


gdx 


0.00 


1.0000 


1.0000 


0.0000 


1.0000 


0?0000 


.01 


1.0100 


0.9900 


.0100 


1.0000 


0.5729 


.02 


1.0202 


.9802 


.0200 


1.0002 


1.1458 


.03 


1.0305 


.9704 


.0300 


1.0004 


1.7186 


.04 


1.0408 


.9608 


.0400 


1.0008 


2.2912 


.05 


1.0513 


.9512 


.0500 


1.0012 


2.8636 


.06 


1.0618 


.9418 


.0600 


1.0018 


3.4357 


.07 


1.0725 


.9324 


.0701 


1.0025 


4.0074 


.08 


1.0833 


.9231 


.0801 


1.0032 


4.5788 


.09 


1.0942 


.9139 


.0901 


1.0040 


5.1497 


.10 


1.1052 


.9048 


.1002 


1.0050 


5.720 


.11 


1.1163 


.8958 


.1102 


1.0061 


6.290 


.12 


1.1275 


.8869 


.1203 


1.0072 


6.859 


.13 


1.1388 


.8781 


.1304 


1.0085 ' 


7.428 


• .14 


1.1503 


.8694 


.1405 


L0098 


7.995 


.15 


1.1618 


.8607 


.1506 


1.0113 


8.562 


.16 


1.1735 


.8521 


.1607 


1.0128 


9.128 


.17 


1.1853 


.8437 


.1708 


1.0145 


9.694 


.18 


1.1972 


.8353 


.1810 


1.0162 


10.258 


.19 


1.2092 


.8270 


.1911 


1.0181 


10.821 


.20 


1.2214 


.8187 


.2013 


1.0201 


11.384 


.21 


1.2337 


.8106 


.2115 


• 1.0221 


11.945 


.22 


1.2461 


.8025 


.2218 


1.0243 


12.505 


.23 


-1.2586 


.7945 


.2320 


1.0266 


13.063 


.24 


1.2712 


.7866 


.2423 


1.0289 


13.621 


.25 


1.2840 


.7788 


.2526 


1.0314 


14.177 


.26 


1.2969 


.7711 


.2629 


1.0340 


14.732 


.27 


1.3100 


.7634 


.2733 


1.0367 


15.2S.S 


.28 


1.3231 


.7558 


.2837 


1.0395 


15.837 


.29 


1.3364 


.7483 


.2941 


1.0423 


16.388 


.30 


1.3499 


.7408 


.3045 


1.0453 


16.937 


.31 


1.3634 


.7334 


.3150 


1.0484 


17.484 


.32 


1.3771 


.7261 


.3255 


1.0516 


18.030 


.33 


1.3910 


.7189 


.3360 


1.0549 


18.573 


.34 


1.4049 


.7118 


.3466 


1.0584 


19.116 


.35 


1.4191 


.7047 


.3572 


1.0619 


19.656 


.36 


1.4333 


.6977 


.3678 


1.0655 


20.195 


.37 


1.4477 


.6907 


.3785 


1.0692 


20.732 


.38 


1.4623 


.6839 


.3892 


1.0731 


21.267 I 


3) 


1.4770 


.6771. 


.4000 


1.0770 


21.800 


.40 


1.4918 


.6703 


.4108 


1.0811 


22.331 


.41 


1.5068 


.6636 


.4216 


1.0852 


22.8.S9 


.42 


1.5220 


.6570 


.4325 


1.0895 


23.386 1 


.43 


1.5373 


.6505 


.4434 


1.0939 


23.911 


.44 


1.5527 


.6440 


.4543 


1.0984 


24.434 


.45 


1.5683 


.6376 


.4653 


1.1030 


24.955 


.46 


1.5841 


.6313 


.4764 


1.1077 


25.473 


.47 


1.6000 


.6250 


.4875 


1.1125 


25.989 


.48 


1.6161 


.6188 


.4986 


1.1174 


26.503 


.49 


1.6323 


.6126 


.5098 


1.1225 


27.015 


0.50 


1.6487 


0.6065 


0.5211 


1.1276 


27?524 
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TABLE III. — Hyperbolic Functions. 



X 


gor 


^x 


sinhx 


cosh X 


gdx 


0.50 


1.6487 


0.6065 


0.5211 


1.1276 


27?524 


.51 


J.6653 


.6005 


.5324 


1.1329 


28.031 


.52 


1.6820 


i .5945 


.5438 


1.1383 


28.535 


.53 


1.6989 


.5886 


.5552 


1.1438 


29.037 


.54. 


1.7160 


.5827 


.5666 


1.1494 


29.537 


.55 


1.7333 


.5770 


.5782 


1.1551 


30.034 


.56 


1.7507 


.5712 


.5897 


1.1609 


30.529 


.57 


1.7683 


.5655 


.6014 


1.1669 


31.021 


.58 


1.7860 


.5599 


.6131 


1.1730 


31.511 


.59 


1.8040 


.5543 


.6248 


1.1792 


31.998 


.60 


1.8221 


.5488 


.6367 


1.1855 


32.483 


.61 


1.8404 


.5433 


.6485 


1.1919 


32.965 


.62 


1.8589 . 


.5379 


.6605 


1.1984 


33.444 


.63 


1.8776 


.5326 


.6725 


1.2051 


33.921 


.64 


1.8965 


.5273 


.6846 


1.2119 


34.395 


.65 


1.9155 


.5220 


.6967 


1.2188 


34.867 


.66 


1.9348 


.5169 


.7090 


1.2258 


35.336 


.67 


1.9542 


.5117 


.7213 


1.2330 


35.802 


.68 • 


1.9739 


.5066 


.7336 


1.2402 


36.265 


.69 


1.9937 


.5016 


.7461 


1.2476 


36.726 


.70 


•2.0138 


.4966 


.7586 


1.2552 


37.183 


.71 


2.0340 


.4916 


.7712 


1.2628 


37.638 


.72 


2.0544 


.4867 


.7838 


1.2706 


38.091 


.73 


2.0751 


.4819 


.7966 


1.2785 


38.540 


.74 


2.0959 


.4771 


.8094 


1.2865 


38.987 


.75 


2.1170 


• .4724 


.8223 


1.2947 


39.431 


.76 


2.1383 


.4677 


:8353 


1.3030 


39.872 


.77 


2.1598 


.4630 


:8484 


1.3114 


40.310 


.78 


2.1815 


.4584 


.8615 


1.3199 


40.746 


.79 


2.2034 


.4538 


.8748 


1.3286 


41.179 


.80 


2.2255 


.4493 


.8881 


1.3374 


41.608 


.81 


2.2479 


.4449 


19015 


1.3464 


42.035 


.82 


2.2705 


.4404 


.9150 


1.35.S5 


42.460 


.83 


2.2933 


.4360 


.9286 


1.3647 


42.881 


.84 


2.3164 


.4317 


.9423 


1.3740 


43.299 


.85 


2.3396 


.4274 


.9561 


1.3835 


43.715 


.86 


2.3632 


.4232 


.9700 


1.3932 


44.128 


.87 


2.3869 


.4190 


.9840 


1.4029 


44.537 


.88 


2.4109 


.4148 


.9981 


1.4128 


44.944 


.89 


2.4351 


.4107 


1.0122 


1.4229 


45.348 


.90 


2.45% 


.4066 


1.0265 


1.4331 


45.750 


.91 


2.4843 


.4025 


1.0409 


1.4434 


46. 148 


.92 


2.5093 


.3985 


1.0554 


1.4539 


46.544 


.93 


2.5345 


.3946 


1.0700 


1.4645 


46.936 


.94 


2.5600 


.3906 


1.0847 


1.4753 


47.326 


.95 


2.5857 


.3867 


1.0995 


1.4862 


47.713 


.96 


2.6117 


.3829 


1.1144 


1.4973 


48.097 


.97 


2.6379 


.3791 


1.1294 


1.5085 


48.478 


.98 


2.6645 


.3753 


1.1446 


1.5199 


48.857 


.99 


2.6912 


.3716 


1,1598 


1.5314 


^9.232 


1.00 


2.7183 


0.3679 

• 


1.1752 


1.5431 


49!605 
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TABLE III.- 


- Hyperbolic Functions 


• 






X 


I sinh X 


■ 1 
I cosh X 


X 


I sinh X 


I cosh X 


X 


I sinh X 


1 

I cosh X 

1 




1.00 


0.0701 


0.1884 


1.50 


0.3282 


0.3715 


2.00 


0.5595 


0.5754 




1.01 


.0758 


.1917 


1.51 


.3330 


.3754 


2.01 


.5640 


.57% 




1.02 


.0815 


.1950 


1.52 


.3378 


.3794 


2.02 


.5685 


.5838 




1.03 


.0871 


.1984 


1.53 


.3426 


.3833 


2.03 


.5730 


.5880 




1.04 


.0927 


.2018 


1.54 


.3474 


.3873 


2.04 


.5775 


.5922 




1.05 


.0982 


.2051 


1.55 


.3521 


.3913 


2.05 


.5820 


.5964 




1.06 


.1038 


.2086 


1.56 


.3569 


.3952 


2.06 


.5865 


.6006 




1.07 


.1093 


.2120 


1.57 


.3616 


.3992 


2.07 


.5910 


.6048. 




1.08 


.1148 


.2154 


1.58 


.3663 


.4032 


2.08 


.5955 


.6090 




1.09 


.1203 


.2189 


1.59 


.3711 


.4072 


2.09 


.6000 


.6132 




1.10 


.1257 


.2223 


1.60 


.3758 


.4112 


2.10 


.6044 


.6175 




1.11 


.1311 


.2258 


1.61 


.3805 


.4152 


2.11 


.6089 


.6217 




1.12 


.1365 


.2293 


1.62 


.3852 


.4192 


2.12 


.6134 


.6259 




1.13 


.1419 


.2328 


1.63 


.3899 


.4232 


2.13 


.6178 


.6301 




1.14 


.1472 


.2364 


1.64 


.3946 


.4273 


2.U 


.6223 


.6343 




1.15 


.1525 


.2399 


1.65 


.3992 


.4313 


2.15 


.6268 


.6386 




1.16 


.1578 


.2435 


1.66 


.4039 


.4353 


2.16 


.6312 


.6428 




1.17 


.1631 


.2470 


1.67 


.4086 


.4394 


2.17 


.6357 


.6470 




1.18 


.1684 


.2506 


1.68 


.4132 


.4434 


2.18 


.6401 


.6512 




1.19 


.1736 


.2542 


1.69 


.4179 


.4475 


2.19 


.6446 


.6555 




1.20 


.1788 


.2578 


1.70 


.4225 


.4515 


2.20 


.64*91 


.6597 




1.21 


.1840 


.2615 


1.71 


.4272 


.4556 


2.21 


.6535 


.6640 




1.22 


.1892 


.2651 


1.72 


.4318 


.4597 


2.22 


.6580 


.6682 




1.23 


.1944 


.2688 


1.73 


.4364 


.4637 


2.23 


.6624 


.6724 




1.24 


.1995 


.2724 


1.74 


.4411 


. .4678 


2.24 


.6668 


.6767 




1.25 


.2046 


.2761 


1.75 


.4457 


.4719 • 


2.25 


.6713 


.6809 




1.26 


.2098 


.2798 


1.76 


.4503 


.4760 


2.26 


.6757 


.6852 




1.27 


.2148 


.2835 


1.77 


.4549 


.4801 


2.27 


.6802 


.6894 




1.28 


.2199 


.2872 


1.78 


.4595 


.4842 


2.28 


.6846 


.6937 




1.29 


.2250 


.2909 


1.79 


.4641 


.4883 


2.29 


.6890 


.6979 




1.30 


.2300 


.2947 


1.80 


.4687 


.4924 


2.30 


.6935 


.7022 




1.31 


.2351 


.2984 


1.81 


.4733 


.4965 


2.31 


.6979 


.7064 




1.32 


.2401 


.3022 


1.82 


.4778 


.5006 


2.32 


.7023 


.7107 




1.33 


.2451 


.3059 


1.83 


.4824 


.5048 


2.33 


.7067 


.7150 




1.34 


.2501 


.3097 


1.84 


.4870 


.5089 


2.34 


.7112 


.7192 




1.35 


.2551 


.3135 


• 1.85 


.4915 


.5130 


2.35 


.7156 


.7235 




1.36 


.2600 


.3173 


1.86 


.4961 


.5172 


2.36 


.7200 


.7278 




1.37 


.2650 


.3211 


1.87 


.5007 


.5213 


2.37 


.7244 


.7320 




1.38 


.2699 


.3249 


1.88 


.5052 


.5254 


2.38 


.7289 


.7363 




1.39 


.2748 


.3288 


1.89 


.5098 


.5296 


2.38 


.7333 


.7406 




1.40 


.2797 


.3326 


1.90 


.5143 


.5337 


2.40 


.7377 


.7448 




1.41 


.2846 


.3365 


1.91 


.5188 


.5379 


2.41 


.7421 


.7491 




1.42 


.2895 


.3403 


1.92 


. .5234 


.5421 


2.42 


.7465 


.7534 




1.43 


.2944 


.3442 


1.93 


.5279 


.5462 


2.43 


.7509 


.7577 




1.44 


.2993 


.3481 


1.94 


.5324 


.5504 


2.44 


.7553 


.7619 




1.45 


.3041 


.3520 


1.95 


.5370 


.5545 


2.45 


.7597 


.7662 




1.46 


.3090 


.3559 


1.96 


.5415 


.5687 


2.46 


.7642 


.7705 




1.47 


.3138 


.3598 


1.97 


.5460 


.5629 


2.47 


.7686 


.7748 




1.48 


.3186 


.3637 


1.98 


.5505 


.5671 


2.48 


.7730 


.7791 




1.49 


.3234 


.3676 


1.99 


.5550 


.5713 


2.49 


.7774 


.7833 




1.50 


0.32S2 


0.3715 


2.00 


0.5595 


0.5754 


2.50 


0.7818 


0.7876 


1 
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TABLE III. — Hyperbolic Functions. 



X 


I sinh X 


I cosh X 


X 


I sinh X 


I cosh X 


X 


I sinh X 


I cosh X 


2.50 


0.7818 


0.7876 


2.1 S 


0.8915 


0.8951 


3.0 


1.0008 


1.0029 


2.51 


.7862 


.7919 


2.76 


.8959 


.8994 


3.1 


1.0444 


1.0462 


2.52 


.7906 


.7962 


2.77 


.9003 


.9037 


3.2 


1.0880 


1.0894 


2.53 


.7950 


.8005 


2.78 


.9046 


.9080 


3.3 


1.1316 


1.1327 


2.54 


.7994 


.8048 


2.79 


.9090 


.9123 


3.4 


1.1751 


1.1761 


2.55 


.8038 


.8091 


2.80 


.9134 


.9166 


3.5 


1.2186 


1.2194 


2.56 


.8082 


.8134 


2.81 


.9178 


.9209 


3.6 


1.2621 


1.2628 


2.57 


.8126 


.8176 


2.82 


.9221 


.9252 


3.7 


1.3056 


1.3061 


2.58 


.8169 


.8219 


2.83 


.9265 


.9295 


3.8 


1.3491 


1.3495 


2.59 


.8213 


.8262 


2.84 


.9309 


.9338 


3.9 


1.3925 


1.3929 


2.60 


.8257 


.8305 


2.85 


.9353 


.9382 


4.0 


1.4360 


1.4363 


2.61 


.8301 


.8348 


2.86 


.93% 


.9425 


4.1 


1.4795 


1.4797 


2.62 


.8345 


.8391 


2.87 


.9440 


.9468 


4.2 


1.5229 


1.5231 


2.63 


.8389 


.8434 


2.88 


.9484 


.9511 


4.3 


1.5664 


1.5665 


2.64 


.8433 


.8477 


2.89 


.9527 


.9554 


4.4 


1.6098 


1.6099 


2.65 


.8477 


.8520 


290 


.9571 


.9597 


4.5 


1.6532 


•1.6533 


2.66 


.8521 


.8563 


2.91 


.9615 


.%41 


4.6 


1.6967 


1.6968 


2.67 


.8564 


.8606 


2.92 


.%58 


.9684 


4.7 


1.7401 


1.7402 


2.68 


.8608 


.8649 


2.93 


.9702 


.9727 


4.8 


1.7836 


1.7836 


2.69 


.8652 


..8692 


2.94 


.9746 


.9770 


4.9 


1.8270 


1.8270 


2.70 


.8696 


.8735 


2.95 


.9789 


.9813 


5.0 


1.8704 


1.8705 


2.71 


.8740 


.8778 


2.% 


.9833 


.9856 


6.0 


2.3047 


2.3047 


2.72 


.8784 


.8821 


2.97 


.9877 


.9900 


7.0 


2.7390 


2.7390 


2.73 


.8827 


.8864 


2.98 


.9920 


.9943 


8.0 


3.1733 


3.1733 


2.74 


.8871 


.8907 


2.99 


. .9964 


.9986 


9.0 


3.6076 


3.6076 


2.75 


0.8915 


0.8951 


3.00 


1.0008 


1.0029 


10.0 


4.0419 


4.0419 
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TABLE IV. — Roots of Bessel's Functions. 





-torJo{x)—0 


-for/i(a;)=0 




- for Jo(x) — 


-forJi(x)— 


1 

2 
3 
4 
5 
6 


0.7655 
1.7571 
2.7546 
3.7534 

4.7527 
5.7522 


1.2197 
2.2330 
3.2383 
4.2411 
5.2428 
6.2439 


7 

8 

9 

10 

11 

12 


6.7519 
7.7516 
8.7514 
9.7513 
10.7512 
11.7511 


7. 2448 

8.2454 

9.2459 - 

10.2463 

11.2466 

12.2469 



• 




TABLE ^ 


V^. — Roots 


OF J^{x) = 


= 0. 






n— 


n = l 


w— 2 


n = 3 


n 4 


71^5" 


1 


2.405 


3.832 


5.135 


6.379 


7.586 


8.780 


2 


5.520 


7.016 


8.417 


9.760 


11.064 


12.339 


3 


8.654 


10.173 


11.620 


13.017 


14.373 


15.700 


4 


11.792 


13.323 


14.796 


16.224 


17.616 


18.982 


5 


14.931 


16.470 


17.960 


19.410 


2Q.827 


22.220 


6 


18.071 


19.616 


21.117 


22.583 


24.018 


25.431 


7 


21.212 


22.760 


24.270 


25.749 


27.200 


28.628 


8 


24.353 


25.903 


27.421 


28.909 


30.371 


31.813 


9 


27.494 


29.047 


30.571 


32.050 


33.512 


34.983 
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TABLE VI. — Bessel's •JUNCTIONS. 



X 


Jo(x) 


Ji{x) 


X 


Jo{x) 


Jx(x) 1 

1 


X 


Jo{x) 


Ji(x) 


0.0 


1.0000 


0.0000 


5.0 


.1776 


—.3276 


10.0 


.2459 


.0435 


' 0.1 


.9975 


.0499 


5.1 


.1443 


.3371 


10.1 


.2490 


.0184 


1 0.2 


.9900 


.0995 


5.2 


.1103 


.3432 


10.2 


—.24% 


—.0066 


; 0.3 


.9776 


.1483 


5.3 


.0758 


.3460 


10.3 


—.2477 


—.0313 


1 0.4 


.9604 


.1960 


5.4 


.0412 


.3453 


10.4 


.2434 


.0555 


0.5 


.9385 


.2423 


5.5 


.0068 


.3414 


10.5 


.2366 ' 


.0789 


1 0.6 


.9120 


.2867 


5.6 


.0270 


—.3343 


10.6 


.2276 


.1012 


0.7 


.8812 


.3290 


5.7 


.0599 


.3241 


10.7 


—.2164 


.1224 


0.8 


.8463 


.3688 


5.8 


.0917 


.3110 


10.8 


—.2032 


.1422 


0.9 


.8075 


.4060 


5.9 


.1220 


.2951 


10.9 


.1881 


.1604 


1.0 


.7652 


.4401 


6.0 


.1506 


.2767 


11.0 


.1712 


—.1768 


1.1 


.7196 


.4709 


6.1 


.1773 


.2559 


11.1 


.1528 


.1913 


1.2 


. .6711 


.4983 


6.2 


.2017 


.2329 


11.2 


.1330 


.2039 


1.3 


.6201 


.5220 


6.3 


.2238 


.2081 


11.3 


.1121 


.2143 


1.4 


.5669 


.5419 


6.4 


.2433 


.1816 


11.4 


.0902 


—.2225 


1.5 


.5118 


.5579 


6.5 


.2601 


.1538 


• 11.5 


—.0677 


—.2284 


1.6 


.4554 


.5699 


6.6 


.2740 


.1250 


11.6 


.0446 


.2320 


1.7 


.3980 


.5778 


6.7 


.2851 


.0953 


11.7 


.0213 


—.2333 


1.8 


.3400 


.5815 


6.8 


.2931 


.0652 


11.8 


.0020 


.2323 


1.9 


.2818 


.5812 


6.9 


.2981 


—.0349 


11.9 


\0250 


—.2290 • 


2.0 


.2239 


.5767 


7.0 


.3001 


.0047 


12.0 


.0477 


—.2234 


2.1 


.1666 


.5683 


7.1 


.2991 


.0252 


12.1 


.0697 


.2157 


2.2 


.1104 


.5560 


7.2 


.2951 


.0543 


12.2 


.09b8 


.2060 


2.3 


.0555 


.5399 


7.3 


.2882 


.0826 


12.3 


.1108 


.1943 


.2.4 


.0025 


.5202 


7-^ 


.2786 


.10% 


12.4 


.12% 


.1807 


2.5 


.0484 


.4971 


7.5' 


.2663 


.1352 


12.5 


.1469 


—.1655 


2.6 


.0968 


.4708 


7.6 


.2516 


.1592 


12.6 


.1626 


.1487 


2.7 


.1424 


.4416 


7.7 


.2346 


.1813 


12.7 


.1766 


—.1307 


2.8 


.1850 


.4097 


7.8 


.2154 


.2014 


12.8 


.1887 


—.1114 


2.9 


.2243 


.3754 


7.9 


.1944 


.2192 


12.9 


.1988 


—.0912 


3.0 


.2601 


.3391 


8.0 


.1717 


.2346 


13.0 


.2069 


—.0703 


3.1 


.2921 


.3009 


8.1 


.1475 


.2476 ' 


13.1 


.2129 


.0489 


3.2 


—.3202 


.2613 


8.2 


.1222 


.2580 


13.2 


.2167 


.0271 


3.3 


.3443 


.2207 


8.3 


.0960 


.2657 


13.3 


.2183 


.0052 


3.4 


.3643 


.1792 


8.4 


.0692 


.2708 


13.4 


.2177 


.0166 


3.5 


.3801 


.1374 


8.5 


.0419 


.2731 


13.5 


.2150 


.0380 


3.6 


.3918 


.0955 


8.6 


.0146 


.2728 


13.6 


.2101 


.0590 


1 3.7- 


—.3992 


.0538 


8.7 


.0125 


.2697 


13.7 


.2032 


.0791 


3.8 


—.4026 


.0128 


8.8 


—.0392 


.2641 


13.8 


.1943 


.0984 


3.9 


—.4018 


.0272 


8.9 


.0653 


.2559 


13.9 


.1836 


.1166 


4.0 


—.3972 


.0660 


9.0 


.0903 


.2453 


14.0 


.1711 


.1334 


4.1 
4.2 


—.3887 


.1033 


9.1 


.1142 


.2324 


14.1 


.1570 


.1488 


—.3766 


.1386 


9.2 


—.1367 


.2174 


14.2 


.1414 


.1626 


4.3 


.3610 


.1719 


9.3 


.1577 


.2004 


14.3 


.1245 


.1747 


4.4 


—.3423 


.2028 


9.4 


.1768 


.1816 


14.4 


.1065 


.1850 


4.5 


—.3205 


.2311 


9.5 


.1939 


.1613 


14.5 


.0875 


.1934 


4.6 


.2%1 


.2566 


9.6 


.2090 


.1395 


14.6 


.0679 


.1999 


4.7 


.2693 


.2791 


9.7 


.2218 


.1166 


14.7 


.0476 


.2043 


4.8 


.2404 


—.2985 


9.8 


—.2323 


.0928 


14.8 


.0271. 


.2066 


4.9 


.2097 


.3147 


9.9 


—.2403 


.0684 


14.9 


.0064 


.2069 


5.0 


.1776 


.3276 


10.0 


.2459 


.0435 


15.0 


—.0142 

• 


.2051 
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